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ABSTRACT

The P2Y receptors present in the rat endothelium-denuded small pulmonary
artery were characterised using pharmacological tools. Furthermore, the underlying
signalling mechanisms of P2Y receptor-induced contractions were investigated in
both intact and membrane-permeabilised arteries.

In intact arteries the endogenous P2Y agonists UTP and UDP evoked
concentration-dependent, reproducible contractions, which were inhibited by the Rho
kinase inhibitor Y27632, protein kinase C inhibitor GF109203X and the
phosphatidylinositol-phospholipase C inhibitor U73122. In membrane-permeabilised
preparations UTP and UDP also induced vasoconstriction, which was abolished by
Y27632, but unaffected by GF109203X. U73122 modestly inhibited the response to
UDP, but had no effect on UTP-evoked contractions. Additionally, the non-selective
P2 receptor antagonist suramin reduced these nucleotide-evoked contractions and the
reduction was greater for the UDP-evoked response.

Three synthetic P2Y agonists, which show P2Y receptor subtype selectivity
INS45973 (P2Y, and P2Y},), INS48823 (P2Y¢) and 3-phenacyl UDP (P2Ys), evoked
concentration-dependent, reproducible contractions of the intact arteries. INS45973
and INS48823 were more potent than UTP and UDP. Preincubation with Y27632
and suramin reduced the contractions evoked by all of the synthetic agonists. In
membrane-permeabilised preparations INS45973, INS48823 and 3-phenacyl UDP
also evoked vasoconstriction, which was abolished by Y27632, but unaffected by
suramin.

The above findings clearly demonstrate the existence of a heterogenous P2Y
receptor population in rat small pulmonary artery smooth muscle cells and at least
P2Y, and/or P2Y4, and P2Y¢ receptors were involved in P2Y receptor-mediated
vasoconstriction of this vessel. Rho kinase, protein kinase C and
phosphatidylinositol-phospholipase =~ C  contributed  significantly to P2Y
receptor-induced contractions, with an exclusive role for Rho kinase in the Ca**
sensitisation-dependent component of this response. In contrast, protein kinase C is
not involved in Ca®" sensitisation and how it contributes to UTP- and UDP-induced

contractions remains to be determined.
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Chapter 1:

Introduction



1. THE PULMONARY CIRCULATION
1.1. The Pulmonary Vascular Bed

The pulmonary circulation carries deoxygenated blood from the right side of the
heart into the lungs for gas exchange and subsequently the resultant oxygenated
blood is transported back to the left side of the heart before being distributed to the
rest of the body (Ganong, 1995; Pocock & Richards, 2004). The deoxygenated blood
is pumped from the right ventricle of the heart into the pulmonary trunk, which
bifurcates into left and right pulmonary arteries that enter the left and right lungs,
respectively. Inside the lungs, the deoxygenated blood passes further through a dense
network of capillaries within the alveoli where the gas exchange takes place, i.e. CO,
from the blood diffuses into the alveoli for exhalation, while the inhaled O, from
alveoli diffuses into the blood. The oxygenated blood is drained into the pulmonary
venules, and then to the small and large pulmonary veins. These large veins emerge
from each side of the lungs and empty into the left atrium of the heart for systemic
circulation.

In humans, pulmonary arteries and veins run together in a single connective
tissue sheath in the centre of pulmonary segments and lobules (Hughes & Morrell,
2001; Pocock & Richards, 2004). Airways and the arteries generally branch
symmetrically, while a different course of the vein branching pattern runs along the
edges of lobules and segment. The branching system of both arteries and veins can
be categorised according to the convergent approach, represented by order number
(Hughes & Morrell, 2001). Order 1 correlates with the most peripheral branch, while
order 15 and 17 denote the main branches of the vein and artery, respectively. The
convergent approach is also applicable to the vascular classification that is based on
the wall structure, as indicated in the Table 1.1 (Hughes & Morrell, 2001; Pocock &
Richards, 2004). Figure 1.1 shows the outline of the human pulmonary arterial
architecture that relates vascular volumes, cross-sectional areas, diameter and wall

structure to the branch order number.



Table 1.1. The classification of the vessel according to the characteristics of its
wall structure and the corresponding branching system.

Types of vessel

Description

Branching
system/Order

Elastic

Contain adventitial, muscular and intimal layers,
with medial thickness of 1 — 2% that of external

diameter

17 to 13

Muscular

Thicker muscle layer compared to external
diameter (2 — 5%), with internal and external
laminae only. Internal elastic lamina disappears

in the smallest arteries

13to 3

Partially

muscular

Spiral arrangement of smooth muscle fibres is
exposed once the surrounding muscle coat
becomes incomplete. Occurs mostly at diameter

50 to 100pm

5to3

Non-muscular

No elastic laminae. Smooth muscle is replaced
by “pericyte”. Pericytes may differentiate to
smooth muscle cells, their functions include
production/organisation of the extravascular

matrix and basement membranes

5tol

Supernumerary

Wall is relatively thin, branching immediately
from parent vessel, and the diameter is 30 to
50% of that of parent. Have sphincters at the
origin, presumably to provide a pressure

‘stepdown’ from larger and thicker-wall parent

I11to 12
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Figure 1.1. Map of the human pulmonary arterial tree, relating vascular
volumes, cross-sectional areas, diameters and wall structure to branch order
number. [Adapted from Hughes & Morell, 2001]



The arteries and veins in general share many structural similarities, however, the
veins do not have an internal elastic lamina and also contain less smooth muscle, but
more elastic tissue than their arterial counterparts. This may indicate distinct
regulatory mechanisms of their functions. Moreover, both vessels exert different
effects on the pulmonary circulation. Constriction of the veins can elevate the
pulmonary capillary pressure and consequently may cause pulmonary oedema. In
contrast, elevation of the right side of the heart pressure may occur following an
increase of pulmonary arterial pressure due to the constriction of pulmonary arteries
(Hughes & Morrell, 2001; Pocock & Richards, 2004).

The pulmonary arterial vessels are less thick and have relatively less smooth
muscle and elastic tissue as compared to other arterial beds of the systemic
circulation (Barnes & Liu, 1995). These crucial aspects of the arterial bed greatly
assist to maintain low-pressure and low-vascular resistance of the pulmonary
circulation, as is apparent from the considerable difference of mean blood pressures
between the pulmonary artery and systemic circulation (15 and 120 mm Hg,
respectively), while an equivalent blood flow is recorded at the root of the pulmonary
artery and the aorta (Ganong, 1995; Pocock & Richards, 2004). The low-pressure
and low-vascular resistance features of pulmonary circulation, coupled with the vast
surface area at gas exchanging sites generated by the unique alveolar structure, in
turn provide a favorable condition for an efficient CO, and O, exchange between the

blood and the air inside the alveoli.

1.2. Pulmonary Artery
The profound influence of the pulmonary arteries on the pulmonary circulation

primarily relies upon its two main cell types; endothelium and smooth muscle.

1.2.1. Endothelium

The endothelium lines the lumen of the vessels and consists of approximately 1 x
10" cells (Sumpio ef al., 2002). It has a wide range of functions, including regulation
of fluid and solute exchange, haemostasis and coagulation, immunological responses,
vasculogenesis and angiogenesis, and not least, vascular tone and blood flow (Barnes

& Liu, 1995; Sumpio et al., 2002). Such functions are executed through the release



of diverse chemicals, such as growth factors, lipid metabolising proteins,
antithrombotic factors and vasoactive mediators by the endothelial cells, which have
paracrine and endocrine actions, onto the target tissues, including the circulating
blood elements and the underlying vascular smooth muscle. The release of active
chemicals is triggered by various stimuli, such as neurotransmitters from autonomic
nerve terminals innervating the pulmonary vessel and hemodynamic forces (change
in blood pressure or flow) (Barnes & Liu, 1995).

Disruption of the normal structure and function of endothelium has been
implicated in many pathological processes, including atherosclerosis, primary
hypertension and inflammatory syndromes (Veyssier-Belot & Cacoub, 1999).
Additionally, it has been shown that endothelial injury can promote the development
of hypoxic pulmonary vasoconstriction (HPV) by limiting the ability of endothelial
cells to metabolise and clear circulating vasoconstrictors, and more importantly the
impairment of these cells to release potent vasodilators, such as nitric oxide (NO)

and prostaglandin I, (Sumpio et al., 2002).

1.2.2. Smooth Muscle

In contrast to the endothelium, smooth muscle cells lie within the media of the
vascular bed usually bounded by internal and external elastic laminae (Hughes &
Morrell, 2001). The muscular media of proximal or large pulmonary arteries have
abundant elastic laminae, nevertheless as the diameter of the arterial lumen
decreases, the elastic lamina are substituted by smooth muscle. As an ultimate
‘effector’, smooth muscle cells directly modulate the vascular tone and hence the
blood flow of the pulmonary circulation, although the crucial contribution of passive
factors, such as cardiac output and gavitational force, which can change pulmonary
vascular resistance and blood flow independently of the changes in vascular tone
should also be noted (Barnes & Liu, 1995; Pocock & Richards, 2004).

The vascular tone of the pulmonary artery is regulated by the activity of the
underlying smooth muscle. The contraction or relaxation of this smooth muscle is
mainly dependent on the intracellular Ca®* concentration ([Ca®*];), which can be
increased by; a) influx of extracellular Ca®* via membrane proteins, such as receptor-

, store- or voltage-operated Ca** channels; and b) Ca®* release from intracellular



stores (Barnes & Liu, 1995; Sylvester, 2004). Various vasoactive mediators can have
a considerable effect on these pathways, for instance they may cause; membrane
depolarisation of the smooth muscle, which then triggers the Ca** influx through the
opening of voltage-gated Ca”* channel; or intracellular Ca®* release in response to
inositol trisphosphate (IP3) generation. Either of these processes subsequently leads
to [Ca2+]i increase and contraction (Barnes & Liu, 1995). Conversely, the mediators
may also potentiate membrane hyperpolarisation through the opening of Ca®'-
activated K* channels, which decreases the opening of voltage-gated Ca** channel to
prevent [Ca®*]; increase and eventually induces smooth muscle relaxation. A rise in
[Ca2+]i can activate the calcium-binding protein, calmodulin, which then activates its
main target, myosin light chain kinase (MLCK). Two subunits of myosin light chain
with a molecular weight of 17 and 20kDa accompany every myosin heavy chain
subunit (Murphy & Rembold, 2005; Eddinger & Meer, 2007). The 17kDa subunit,
also called the essential myosin light chain, contributes to stabilising the myosin
heavy chain’s lever arm (neck domain) during contraction. On the other hand, the
20kDa subunit, also known as the regulatory myosin light chain (MLC), is the target
for the phosporylation by MLCK. Thus, upon its phosporylation by activated MLCK,
MLC activates the head or motor domain of myosin heavy chain, which subsequently
permits the myosin head groups to interact with the actin filament for cross-bridging
and so contraction is initiated. Phosphorylation of MLC is also regulated by other
proteins, including myosin light chain phosphatase (MLCP), which dephosphorylates
MLC to cause relaxation (Sylvester, 2004; Somlyo & Somlyo, 2000).

The rise of [Ca2+]i can be terminated by two main mechanisms, uptake into the
sacroplasmic reticulum (SR) lumen via sarcoplasmic/endoplasmic reticulum Ca**-
ATPase (SERCA) and extrusion out of the cell by the plasma membrane Ca** pump
and Na'/Ca®" exchanger (Jiang & Stephens, 1994; Shmygol & Wray, 2004; Berridge,
2008). Both SERCA and the plasma membrane Ca** pump utilise intracellular ATP
to pump the Ca** against its concentration gradient, while the Na*/Ca** exchanger
exploits the high extracellular [Na*] to countertransport intracellular Ca** out of the
cell. The role of the SR in maintaining a low level of [Ca*']; is rather complex and

appears to facilitate Ca** extrusion by accumulating Ca®* in its lumen and then



releasing it into the superficial buffer barrier close to the plasma membrane, where it

can be readily extruded into the extracellular space (Shmygol & Wray, 2004).

1.3. Regulation of Tone

The pulmonary circulation is affected by both active and passive factors (Daly &
Hebb, 1966). Passive factors such as changes in cardiac output, airway pressure and
gravitational force, alter the pulmonary resistance and blood flow in the manner that
is independent of the vascular tone. However, it is the active factors that have a
considerable influence in the pulmonary circulation by regulating the vascular tone,
1.e. causing contraction or relaxation of pulmonary arterial smooth muscle, and these
factors may be relevant in a particular condition (Suggett et al., 1980). The four main
active factors are; autonomic nervous system, gas levels, humoral mechanisms and

endothelium (Barnes & Liu, 1995; Pocock & Richards, 2004).

1.3.1. Autonomic Nervous System

The autonomic innervation of the lung originates from the vagus nerve and
sympathetic fibers, which together form the pulmonary plexuses. The plexuses lie on
the anterior and posterior aspects of the bronchial and vascular structures at the hila
of the lungs. The efferent parasympathetic fibres are derived from the dorsal root
nucleus of the vagus nerve in the brainstem, while the sympathetic fibres arise from
the cervical sympathetic chain and the upper 4 — 5 thoracic sympathetic ganglia. As
the plexuses enter the lung, they further branch into the periarterial and peribronchial
plexuses, which innervate the pulmonary vasculature and bronchial tree, respectively
(Hughes & Morrell, 2001). The autonomic nerves actively modulate the contractile
activity of pulmonary smooth muscle and their role appears to be very complex, as it
interacts with and responds to the activities of circulating vasoactive mediators and
alterations in pulmonary venous pressure imposed by the systemic circulation
(Barnes & Liu, 1995; Hughes & Morrell, 2001). With increased understanding of
autonomic control mechanisms in recent years, the two traditional pathways;
adrenergic and cholinergic, have been expanded with the discovery of

non-adrenergic, non-cholinergic (NANC) nerves (Barnes & Liu, 1995).



1.3.1.1. Adrenergic Control

There is a wide variation of distribution and extent of adrenergic innervations in the
pulmonary arteries between species. Whereas absent in, for example rat and mouse
(El-Bermani et al., 1970; McLean et al., 1985; Barnes & Liu, 1995), the adrenergic
nerves are densely distributed in others, such as guinea pig, rabbit, cat and dog
(Knight et al., 1981; Barnes & Liu, 1995; Huges & Morrell, 2001). It has been
shown that the application of electrical stimulation to the pulmonary arteries of cat
(Hyman et al., 1990), dog (Segarra et al., 1999) and rabbit (Jackson et al., 2002)
induces vasoconstriction, which is sensitive to both the specific voltage-gated Na*
channel blocker tetrodotoxin and the o; adrenoceptor antagonist prazosin. These
results clearly indicate that the response was neuronal in origin and evoked by
noradrenaline (NA) via activation of the o; adrenoceptor. Consistent with this
finding, exogenous application of NA to the vessels also evoked the contractions that
were modestly inhibited by o, adrenoceptor antagonist yohimbine, but substantially
inhibited after coapplication with prazosin (Hyman et al., 1990). Interestingly, the
involvement of o; and a, adrenoceptors in the NA-evoked contractions of pig
pulmonary arteries was age-dependent, whereby a; and a, adrenoceptors were more
prominent in young and adult, respectively, in mediating the contractile response to
NA (Schindler et al., 2004). In contrast, the application of either electrical
stimulation (Hyman et al., 1990) or exogenous NA (Schindler et al., 2004) induced a
relaxation of the precontracted pulmonary arteries of cat and pig, respectively, which
was inhibited by B, antagonist propranolol, thus, showing the vasodilatory effect of

NA was mediated via 3, adrenoceptor.

1.3.1.2. Cholinergic Control

The pulmonary arteries are also innervated by cholinergic fibers, but these are not as
extensive as seen in the respiratory airways. The distribution of cholinergic nerves
varies between species, whereby it is absent in, for example rat, guinea pig, and
mouse intrapulmonary artery (El-Bermani et al., 1970; Barnes & Liu, 1995), but
present in the corresponding vessels of dog, cat, pig, sheep and rabbit (Knight e al.,
1981; El-Bermani et al., 1982; Barnes & Liu, 1995). The functional significance of

cholinergic input is less clear compared with the adrenergic nerves. In the intact



conscious dog, intravenous administration of a non-selective muscuranic antagonist
atropine resulted in a modest increase and decrease of pulmonary arterial pressure at
low and high cardiac output, respectively (Murray et al., 1986). Moreover, an
intravenous application of acetylcholine (ACh) to the intact-chest cat (Hyman &
Kadowitz, 1988) and rabbit (Hyman & Kadowitz, 1989) induced an increase and
decrease of pulmonary lobar arterial pressure at low and high tonic state of the
pulmonary arteries, respectively. While both responses were blocked by atropine,
only the former component was substantially inhibited by a selective M; antagonist
pirenzepine, indicating that contractions of the pulmonary vascular bed at low tone

was mediated via M| muscarinic receptors.

1.3.1.3. Non-Adrenergic Non-Cholinergic Control

The NANC mechanism of neural control was shown to be insensitive to adrenergic
or cholinergic blockade (Barnes et al., 1991). NANC nerves may not exist as a
separate neural pathway, as its transmitters may rather be released from adrenergic,
cholinergic and sensory nerves (Barnes & Liu, 1995). Depending on the
neurotransmitters released, this neural pathway can be either excitatory (e-NANC) or
inhibitory (i-NANC), to cause contraction or relaxation, respectively. Perivascular
nerve stimulation of the rat intrapulmonary artery evoked an excitatory junction
potential that was unaffected by either adrenergic or cholinergic blockade, but
sensitive to a P2X receptor desensitising agent o,B-methylene adenosine
S'-triphosphate (a,f-MeATP), thus indicating that adenosine 5'-triphosphate (ATP)
had been released and mediated the response (Inoue & Kannan, 1988). In contrast,
nerve stimulation in the precontracted guinea pig branch pulmonary artery induced a
relaxation, which was both dependent on and independent of the endothelium (Liu et
al., 1992b; Tasatargil et al, 2003). The endothelium-dependent relaxation was
mediated, at least in part, by ATP that induces NO release from endothelial cells,
whereas the endothelium-independent response was mediated by NO released from
the nerves. Interestingly, relaxation of the precontracted main pulmonary artery of
guinea pig was independent of endothelium and mediated by calcitonin gene-related
peptide, released from the sensory nerve endings (Maggi et al., 1990; Liu et al.,

1992a).
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1.3.2. Humoral Regulation

Humoral mechanisms can also regulate the smooth muscles tone of pulmonary
arteries. Numerous circulating mediators and hormones act at multiple receptors to
mediate the tone-dependent effects (Barnes & Liu, 1995). Table 1.2 summarises
several of these chemicals, together with the pre-existing tone of and the general

effects on the pulmonary artery.
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Table 1.2. The effect of circulating mediators and hormones on the pulmonary

artery.
Mediators/ Vascular
hormones Species tone Response References
resting & ‘ )
Angiotensin I | rabbit contraction Tan & Sim, 2000
precontracted
Atrial
natriuretic pig precontracted | relaxation Matsushita et al., 1999
peptide
Bradykinin cow | precontracted | relaxation Tracey et al., 2002
Endothelin-1 )
mouse resting contraction Xu et al., 2008
(ET-1)
rabbit resting contraction Kapilevich et al., 2001
Histamine
rat precontracted | relaxation Lau et al., 2003
Prostacyclin sheep | precontracted | relaxation | Lakshminrusimha et al., 2009
Prostaglandin )
B sheep | precontracted | relaxation Gao et al., 1998
2
Prostaglandin
rat resting contraction Snetkov et al., 2008
Fou (PGF2q)
Serotonin human resting contraction | Rodat-Despoix et al., 2009
(5-HT) pig precontracted | relaxation Jahnichen et al., 2005
resting contraction
Substance P rabbit Miike et al., 2009
precontracted | relaxation
Vasoactive
intestinal rat precontracted | relaxation Shahbazian et al., 2007
peptide
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1.3.3. Respiratory Gases

Respiratory gases, i.e. O, and CO,, are able to actively affect the contractile
activity of pulmonary smooth muscle. In an area of the lung where high CO, partial
pressure (hypercapnia) or low O, partial pressure (PaO;) (hypoxia) is present,
constriction of vascular smooth muscle will occur to divert the blood flow to better
oxygenated areas (Fishman, 1961; Pocock & Richards, 2004). HPV - a physiological
response to redirect the blood flow away from hypoxic alveoli is triggered by a
reduction of PaO, (Barnes & Liu, 1995; Hughes & Morrell, 2001). The mechanism
underlying this response remains unclear and several hypotheses have been put
forward.

A mediator hypothesis proposed that hypoxia causes induction or suppression of
endogenous vasoconstrictors or vasodilators release, respectively. Several chemicals,
including catecholamines, histamine, angiotensin II, 5-HT and ATP had been
investigated, but they do not appear to be involved in mediating HPV (Barnes & Liu,
1995). Interestingly, ET-1 has been shown to mediate chronic hypoxic pulmonary
hypertension in rat (DiCarlo et al., 1995). Moreover, Jernigan et al., (2008) found
that chronic hypoxia induced the production of reactive oxygen species in the rat
pulmonary artery, which potentiated the Ca>* sensitisation-dependent ET-1 response.
This Ca®* sensitisation mechanism was associated with the activation of Rho kinase
pathway (Broughton et al., 2008; Jernigan et al., 2008).

Another hypothesis of the hypoxic mechanism involves a direct effect of hypoxia
on the pulmonary arterial smooth muscle, where it has been speculated that low PaO,
may close K* channels, inducing membrane depolarisation and hence contraction
(Barnes & Liu, 1995; Hughes & Morrell, 2001). In line with this view, hypoxia has
been shown to trigger contraction of fetal bovine pulmonary vascular smooth cells
(Murray et al., 1990). Additionally, both the expression and activity of K* channel of
rat pulmonary myocytes were inhibited following a subacute hypoxic exposure

(Hong et al., 2004).
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1.3.4. Role of Endothelium

As mention above, the endothelium plays an important role in the regulation of
vascular tone. The excitation of parasympathetic nerve terminals localised in the
adventitia and outer media of the pulmonary artery, for example, may trigger the
release of ACh (Hughes and Morrell, 2001). ACh then activates the muscarinic
receptor in the endothelial cells, which subsequently induces the release of
endothelial-derived relaxing factor or NO to cause relaxation of vascular smooth
muscle (Tseng & Mitzner, 1992; Altiere et al., 1994; Norel et al., 1996). Relaxation
of this smooth muscle via NO release can also be triggered by other substances
including NA (Liu et al., 1991), ATP (Liu et al., 1992a), histamine (Szarek et al.,
1992) and bradykinin (Tracey et al., 2002).

1.4. Pulmonary Vascular Disease

Pulmonary hypertension is a condition associated with a progressively high
pulmonary arterial pressure. Although, vascular remodelling is often associated with
this condition, abnormal regulation of tone of the vascular bed in lungs also
contributes to its development (Reeves & Rubin, 1998; MacLean et al., 2000;
Morrell et al., 2009). Additionally, pulmonary hypertension also commonly occurs
secondary to other conditions, such as chronic obstructive lung diseases, human
immunodeficiency virus infection and congenital systemic to pulmonary shunt
(MacLean et al., 2000). Other diseases are also linked to altered tone of pulmonary
bed, such as pulmonary thromboembolic disease and pulmonary vasculitis (Reeves &
Rubin, 1998). Thus, a clear understanding of mechanisms of regulation of vascular
tone is certainly invaluable to assist our knowledge of various pathological
pulmonary-associated conditions and hence, developing their novel therapeutic

interventions.
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2. PURINOCEPTORS

The earliest demonstration of the extracellular purine nucleotides actions and
nucleosides as a signalling molecule was made by Drury & Szent-Gyorgyi in 1929,
who showed that a filtrate of heart muscle had the potent effects on activity of the
heart and blood vessels. Between the 1950s and 1970s further studies supported the
involvement of ATP as a signalling molecule in a wide range of tissues, including the
central nervous system, gut, uterus and skeletal muscle (see Burnstock, 1972 for
references). An important milestone came in 1972 when Burnstock proposed the
original hypothesis of purinergic transmission, describing a tentative model of
storage, release, receptor activation by and inactivation of ATP. Despite facing fierce
opposition, purinergic signalling has survived and is now generally accepted.
Meanwhile, the identification of purinergic receptors began in 1978 when two major
subdivisions, P1 and P2 receptors, was proposed with adenosine being the main
natural for P1 receptors and ATP and adenosine 5'-diphosphate (ADP) being the
main natural ligands for P2 receptors (Burnstock, 1978). Based on cloning studies P1
receptors have since been further divided into the A;, Axa, Azg and Az subtypes, and
all of these receptors are G protein-coupled receptors (GPCRs).

Kennedy er al., (1985) demonstrated that activation of P2 receptors mediated
both vasoconstriction and endothelium-dependent vasodilation in rat femoral artery.
In the same year, Kennedy and Burnstock further showed that a,f-MeATP evoked
contraction, while ATP and 2-methylthioATP (2-MeSATP) induced relaxation of
rabbit portal vein. Thus, these studies provide clear evidence of the existence of two
different populations of P2 receptors in these tissues. On the basis of these and other
data Burnstock & Kennedy, (1986) proposed that the contractile effects were
mediated by P2X receptors and the relaxant effects by P2Y receptors. Following the
cloning of multiple subtypes of each Abbracchio & Burnstock, (1994) proposed that
all of the ATP-sensitive ligand gated cation channels be named P2X receptors, while
all nucleotide-sensitive GPCRs be called P2Y receptors. Both P2X and P2Y
receptors have been shown to comprise of multiple subtypes and some of these are
sensitive to purines and pyrimidines (Figure 1.2) (Ralevic & Burnstock, 1998;

Kennedy, 2000; Abbracchio et al., 2006; Burnstock, 2006).
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Figure 1.2. Chemical structure of the primary endogenous agonists of P2Y
receptors. a) purines — ADP and ATP, and b) pyrimidines — uridine 5’-diphosphate
(UDP) and uridine 5'-triphosphate (UTP).
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2.1. P2X Receptors

P2X receptors are ligand-gated ion channels, which have selective and almost
equal permeability to the cations Na* and K*, and also significant permeability to
Ca** (Kennedy, 2000; Khakh et al., 2001). At least seven subtypes of mammalian
P2X receptors (P2X1-P2X;) have been identified in mammals, and these are
distributed throughout the body. However, in rat pulmonary artery, only the
expression of P2X1, P2X, and P2X, receptors at immunohistochemical and mRNA
levels have been reported (Nori et al., 1998; Lewis & Evans, 2001). Pharmacological
characterisation showed that P2X1 and P2X3 receptors desensitise much more
rapidly than the other P2X subtypes and are also sensitive to the agonist o,3-MeATP
(Khakh et al., 2001). P2X1 and P2X3 receptors are inhibited by the antagonists
suramin and pyridoxal-phosphate-6-azophenyl-2’, 4'-disulfonate (PPADS) (Jarvis &
Khakh, 2009). In contrast, P2X4, P2Xs and P2X; receptors are weakly sensitive to
these antagonists.

All P2X subtypes consist of two transmembrane domains, a large cysteine
extracellular loop and intracellular C- and N- terminal tails, with the former having a
variable length (Kennedy, 2000; Khakh ez al., 2001). A functional P2X receptor,
which can be a combination of identical or different types of subunit (Khakh et al.,
2001), consists of a trimer (Gonzales et al., 2009; Kawate et al., 2009). Activation of
P2X receptors leads to a rapid influx of cations, which induces membrane
depolarisation, which can trigger the opening of voltage-gated Ca®* channel to cause
Ca®" influx (Egan et al., 2006). This leads to various cellular effects, including

vasoconstriction of pulmonary artery smooth muscle (via P2X1 activation).
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2.2. P2Y Receptors

P2Y receptors are a family of GPCRs, of which eight mammalian subtypes have
been cloned (P2Y, 2 4.6, 11. 12, 13 and 14) (Abbracchio et al., 2006) (Table 1.3). The
missing numbers represent nonmammalian orthologs or GPCRs that have some
sequence homology to P2Y receptors, but lack functional responsiveness to
nucleotides. These subtypes consist of 326 (P2Ys) to 377 (P2Y4) amino acids and
have an intracellular C-terminal and an extracellular N-terminal and seven
hydrophobic, transmembrane domains (TM) connected by 3 extracellular loops and 3
intracellular loops (Figure 1.3) (von Kiigelgen, 2006). Positively-charged residues in
TM3, 6 and 7 are considered to be essential for receptor activation (Erb et al., 1995;
Jiang et al., 1997), through interaction with the negative charge of nucleotides.

The signalling mechanisms of P2Y receptors that trigger various cellular
responses are complex and are further complicated by several factors, including the
agonists, receptor subtypes and multiple-interactions within the signalling
molecules/proteins (Abbracchio er al., 2006). However, several broad models of
signalling mechanisms have been proposed, which primarily depend on the types of
G protein that couple to the P2Y receptors. P2Y 5 4 ¢, 11 receptors, via Goq coupling,
can induce phospholipase C (PLC) activation that subsequently catalyses the
hydrolysis of phosphatidylinositol-bisphosphate (PIP;) to IP; and diacylgycerol
(DAG). IP; triggers Ca”" release from IPs;-senstitive intracellular calcium stores
(Keys et al., 2002), while DAG activates protein kinase C (PKC) to phosphorylate
intracellular proteins, ultimately leading to a variety of cellular responses (Harden et
al., 1995). The P2Y,, subtype acts via Go, to increase adenylyl cyclase, whereas
P2Y 2, 13, 14 subtypes act via Go, to inhibit adenylyl cyclase activity. These actions
then increase or decrease the cyclic adenosine 5’-monophosphate (cAMP) level,
respectively (Freeman et al., 2001; Hollopeter et al., 2001; Qi et al., 2001; Fumagalli
et al., 2004). In addition, P2Y receptors, via a distinct G protein coupling may also;
regulate ion channels, e.g. Ca** channels, to cause membrane depolarisation
(Dolphin, 2003), or activate other intracellular proteins, such as RhoA (Jankowski et
al., 2003), to stimulate the appropriate responses (Nishida, et al., 2008).
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Table 1.3. The cloned P2Y receptors from various species and its transduction

mechanisms.
Receptor Transduction Species in which
subtype mechanism receptor cloned References
Human Schachter et al., 1996
Rat Tokuyama et al, 1995
P2Y; Gagi1 — 1 [Ca™]; Mouse Tokuyama et al., 1995
Cow Henderson et al., 1995
Xenopus Cheng et al., 2003
Human Janssens et al., 1999
24y Rat Chen et al., 1996
P2Y> Gogn — T 1Ca™]; Mouse Lustig et al., 1993
Pig Shen et al., 2004
Human Communi et al., 1996a
P2Y, Gagi — 1 [Ca™]; Rat Bogdanov et al., 1998
Mouse Suarez-Huerta er al., 2001
Human Communi et al., 1996b
P2Ys | Gagii — 1 [Ca™]; Rat Chang et al., 1995
Mouse Lazarowski et al., 2001
Gos — T cAMP Human van der Weyden et al., 2000
PoY Dog Qietal., 2001
i Gagi — 1 [Ca™]; Human Communi et al., 1997
Dog Qietal., 2001
Human Hollopeter et al., 2001
P2Y, Go; — | cAMP Rat Hollopeter et al., 2001
Mouse Foster et al., 2001
Human Communi et al., 2001
P2Y 3 Go; — | cAMP Rat Fumagalli et al., 2004
Mouse Zhang et al., 2002
Human Chambers et al., 2000
P2Y 4 Go; — | cAMP Rat Freeman et al., 2001
Mouse Freeman et al., 2001
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Figure 1.3. Topology of human P2Y; receptor showing amino acid sequence,
seven TM-spanning helical domains and intracellular C- and extracellular
N-terminals. Bold circles and letters indicate amino acids that most likely involve to
the nucleotide binding site within the TM regions. [Adapted from von Kiigelgen &
Wetter, 2000]

TM = Transmembrane region
EL = Extracellular loop
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The P2Y receptor subtypes can be grouped together according to their similarities
in various features (Abbracchio et al., 2006). Pharmacologically, the receptors are
subdivided broadly into four groups; a) adenine nucleotide-preferring receptors, i.e.
P2Y,, P2Y,1, P2Y 1, and P2Y 3 receptors that respond to ATP and ADP; b) the uracil
nucleotide-preferring P2Y4 and P2Ys receptors, which respond to either UTP or
UDP; c) receptors that are activated by both adenine and uridine nucleotides, which
are P2Y,, P2Y,4 and P2Y; receptors; and d) receptors responding solely to the sugar
nucleotides UDP-glucose and UDP-galactose, i.e. the P2Y 4 receptor. In contrast,
another grouping is mainly based on structural and phylogenetic criteria, where three
important features are used; 1) amino acid sequence similarity, 2) specific amino acid
motifs present in crucial TM (TM7) and 3) the primary G protein coupling
(Abbracchio et al., 2006). On the basis of amino acid similarity, the P2Y receptors
can be divided into two distinct subgroups; Group 1 comprises P2Y 2 4. 6, 11
receptors and Group 2 consists of P2Y, i3, 14 receptors. Within each group all
subtypes share a high amino acid sequence identity between the members with the
latter group reaching as high as 48% identical (Cattaneo et al., 2003). Figure 1.4
illustrates the phylogenetic tree (dendrogram) representing the relationships of the
current P2Y receptor family. The TM7-specific motifs for Group 1 is Q/K-X-X-R,
while K-E-X-X-L is present in all members of the second group (Cattaneo et al.,
2003). Finally, the Group 1 members are primarily coupled with Gag/; protein and
the members of Group 2 are coupled almost exclusively to Gai, (Abbracchio et al.,
2006).

The distribution of P2Y receptors in mammalian organs and systems is very
extensive, and they trigger a wide range of effects in all tissues and organs in the

body. A brief summary of this information is shown in Table 1.4.
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P2Y,

P2Y, P2Y,

P2Y,,
P2Y,

P2Y .5 P2Y .,

P2Y,,

Figure 1.4. A phylogenetic tree (dendrogram) showing the relationships among
the current members of the P2Y receptor family. The P2Y receptors can be
divided into two subgroups, shown with green and blue backgrounds. The tree was
built using TREEVIEW software, and the lines represent the relationship of the
amino acid sequences between the P2Y subtypes which were aligned using
CLUSTALX. [Adapted from Abbracchio et al., 2003]
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Table 1.4. The of distribution and function of P2Y receptors at seven main

locations.
Tissues/organs/
systems Receptors Functions References
Central nervous Tissue remodelling Chen & Chen, 1998;
system following Neary et al., 1994, 2003;
(e.g. hippocampus, injury/damage, release Okada et al., 2002;
cortex, cerebellum, of inflammatory Fumagalli et al., 2003;
spinal cord, P2Y, 2.4, | cytokines, modulation Kim et al., 2003; Malmsj6
peripheral nerves, 6.12.14 of pain transmission, et al., 2003; Rodrigues et
cerebral artery) contraction of vessel, al., 2005; Heinrich et al.,
prevents tumor necrosis | 2008; Amadio et al., 2009
factor-a-induced
apoptosis
Immune cells Prostaglandin Berchtold et al., 1999;
(e.g. dendritic cell, production, adhesion of | Warny et al., 2001;
macrophages, POy neutrophils to Wilkin et al., 2001; Feng
lymphocytes, mast 1241 endothelial cells, et al., 2004; Marcet et al.,
cells) 611121 induction of 2007; Elliott ef al., 2009
semimaturation process,
release of histamine
Gastrointestinal Stomach contractility, Roman et al., 1999;
system ion secretion, regulation | Nguyen et al., 2001;
(e.g. Gut, liver, of gluconeogenesis and | Kottgen et al., 2003;
biliary system, glycolysis, regulation of | Ghanem et al., 2005;
pancreas, colonic | P2Y, 54 | NaCl secretion and bile | Jacquet et al., 2005; King
epithelium, 6.11.13,14 | release, activates CI’ & Townsend-Nicholson,
myenteric & channel, regulation of 2008; Bassil et al., 2009;
submucosal high density lipoproteins | Koltsova et al., 2009;
plexesus) endocytosis Balusubramanian et al.,
2010
Kidney and Excretion of waste Insel ef al., 2001; Rost et
bladder products; release of al., 2002; Bailey et al.,
(e.g. kidney tubule P2Y, , 4 | mediators, proliferation | 2004; Chopra et al., 2008;
& glomerulus, 611,12 during injury Graciano et al., 2008;
collecting duct, Pochynyuk et al., 2008
urinary bladder)
Lungs Smooth muscle Schifer et al., 2003;
(e.g. smooth muscle, contraction and Konduri et al., 2004,
epithelial cells) P2Y, , 6, | relaxation, mucin Govindaraju et al., 2005;
14 secretion & mucociliary | Hayashi et al., 2005;
clearance, regulation of | Miiller et al., 2005; Ehre
epithelial proliferation et al., 2007
Bone and cartilage Bone growth, healing Orriss et al., 2007,
(e.g. oestoblasts, POy and mineralisation Guzman-Aranguez et al.,
chondrocytes) b2 2008; Alvarenga et al.,
2010
Skin Wound healing, Dixon et al., 1999; Greig
P2Y, 5 11 regulation of mediator et al., 2003; Inoue et al.,

release, proliferation in
basal cells

2007; Pastore et al., 2007
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2.2.1. P2Y| Receptor

After the first cloning of the P2Y, receptor from the late-embryonic chick brain
(Webb et al., 1993), steady progress was made in cloning and characterising the
receptor from other species, including cow (Henderson er al., 1995), mouse
(Tokuyama et al., 1995), human (Schachter et al., 1996) and Xenopus (Cheng et al.,
2003). The distribution and functions of the P2Y; receptor is very extensive as
indicated in Table 1.4. Several of its key functions include involvement in
endothelium-dependent relaxation of blood vessels (Guns et al., 2005), induction of
arachidonic acid release from astrocytes (Chen & Chen, 1998), insulin secretion
(Balusubramanian et al., 2010) and platelet aggregation (Pfefferkorn et al., 2008).

TM3, 6 and 7 are crucial for agonist binding and activation of P2Y, receptors.
Five amino acid residues from these regions [TM3 — arginine (128); TM6 — lysine
(280); TM7 — arginine (310), glutamine (307), serine (314)], together with one
residue from TM?7 (threonine 222), interact with at least one of the three functional
groups of ATP, i.e. a and B phosphate groups, and adenine ring (Jiang et al., 1997,
Moro et al., 1998). Additionally, four cysteine residues in the N-terminal (42), near
the exofacial (extracellular side) end of TM3 (124) and in extracellular loop 2 (202)
and 3 (296) have been reported to be necessary for proper cellular trafficking of
P2Y, receptors to the surface membrane (Hoffmann ez al., 1999).

The first cloning study of chicken P2Y receptor found that ATP was more potent
as an agonist than ADP, and the agonist order of potency was 2-MeSATP > ATP
>ADP >> o,f-MeATP, B,y-Methylene ATP, UTP. However, Léon et al., (1997)
showed that nucleoside diphosphates, such as ADP and 2-methylthioADP
(2-MeSADP), acted as a full agonist whereas ATP was a partial agonist at the cloned
human P2Y, receptor. Additionally, when they purified the agonists, ATP appeared
to demonstrate a competitive antagonistic effect. The difficulty of obtaining a general
consensus of ATP activity at this receptor was further complicated when the
maximum response to ATP was found to be comparable with the corresponding ADP
at the cloned human P2Y; receptor (Palmer et al., 1998). This study suggested that
the response to ATP might be determined by the level of P2Y receptor expression as
the full agonist property of ATP being shown was obtained from the cell lines
expressing a high level of the receptor. A subsequent study (Waldo & Harden, 2004)
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that utilised the radioligand binding assay and the technique of
purification/reconstitution of human P2Y; receptor with associated G protein,
showed that ATP exhibited partial agonist activity at this receptor. Thus, it can be
concluded that ADP, rather than ATP is likely to be the natural ligand of P2Y,
receptor. Chemical modification of the structure of ADP led to the synthesis of a
2-MeSADP analogue, (1'S, 2'R, 3'S, 4'R, 5'S)-4-[(6-amino-2-methylthio-9H-purin-9-
yl-1-diphosphoryl-oxymethyl] bicycle[3.1.0] hexane-2,3-diol (MRS2365), which is
the most potent P2Y agonist discovered to date (Chhatriwala et al., 2004).

The P2Y, receptor is sensitive to the non-selective antagonists suramin and
PPADS (Webb et al., 1993; Léon et al., 1997) and the much more selective and
potent antagonists, 2'-deoxy-N°-methyladenosine-3’, 5'-bisphosphate (MRS2179)
(Boyer et al., 1998) and (N)-methanocarba-N°-methyl-2chloro-2'-deoxyadenosine-
3',5'bisphosphate (MRS2279) (Boyer et al., 2002). The latter has been used for
binding studies, in which ["H]MRS2279 bound specifically to human P2Y; receptor
with a Ky of 3.8nM (Waldo & Harden, 2004). The binding displacement order
against [3H]MRS2279 was 2-MeSADP > ADP = 2-MeSATP > ATP, and MRS2279
= MRS2179 > adenosine 3’, 5'- biphosphate (Waldo et al., 2002; Waldo & Harden,
2004).

2.2.2. P2Y;, Receptor

The P2Y, receptor was first cloned in mouse (Lustig et al., 1993) and
subsequently in other species, such as rat (Chen et al., 1996), human (Janssens et al.,
1999), and pig (Shen et al., 2004). Again, the distribution and functions of P2Y,
receptor are extensive, as indicated in Table 1.4. Among the main functions are;
modulation of epithelial cell CI" secretion (Cressman et al., 1999), mediation of
endothelium-dependent NO release to induce vasodilatation (Konduri et al., 2004),
vasoconstriction in some blood vessels (Govindaraju et al., 2005; Buvinic et al.,
2006) and bone growth (Guzmén-Aranguez et al., 2008).

The interaction of agonists with P2Y, receptor relies on its positively charged
residues in TM6 and 7 (Erb et al., 1995). Additionally, the arginine-glycine-aspartic
acid residues in the first extracellular loop form the consensus integrin-binding motif,

which facilitates the colocalisation of receptor with integrins and in turn essential for
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the receptor’s proper function (Erb er al., 2001). The P2Y, receptor undergoes
agonist-induced desensitisation and this has been associated with putative
phosphorylation sites for GPCR kinase at the intracellular C-terminal tail (Garrad et
al., 1998).

ATP and UTP have equal potency in activating the receptor, while ADP and
UDP are inactive (Lustig et al., 1993; Nicholas et al., 1996), indicating that at least
three phosphate residues are essential for receptor activation. Supporting this view,
compounds such as PI,P4—di(aden0sine 5'-)tetraphosphate (ApsA) (Patel et al., 2001),
P! P*-di(uridine 5'-)tetraphosphate (INS365) (Pendergast et al., 2001) and P'-(uridine
5)-P*-(2-deoxycytidine 5')tetraphosphate (INS37217) (Yerxa et al., 2002) are
agonists at the P2Y, receptor. Moreover, uridine-5'-O-(3-thiotriphosphate) is also a
potent agonist, which is resistant to hydrolysis (Lazarowski et al., 1996). The P2Y,
receptor can be antagonised by both suramin and reactive blue 2 (RB2), while
PPADS is inactive (Janssens et al., 1999).

The involvement of the P2Y, receptor in modulating ion transport in epithelial
cells (Cressman et al., 1999) led to the utilisation of its potential therapeutic role in
treating diseases associated with defective ion transports. Two P2Y, agonists,
INS365 (Mundasad et al., 2001; Tauber et al., 2004) and INS37217 (Kellerman et
al., 2002, 2008) are currently in clinical trials for treatment of dry eye disease and

cystic fibrosis, respectively.

2.2.3. P2Y4 Receptor

The cloning and characterisation of P2Y, receptors was initially carried out using
human tissue (Communi et al., 1995; Nguyen et al., 1995), and was followed by
other species such as rat (Bogdanov et al., 1998) and mouse (Suarez-Huerta et al.,
2001). The mRNA receptor is distributed widely in various tissues (see Table 1.4),
such as intestine (most abundant), liver, umbilical vein endothelial cells, peripheral
blood leukocytes, foetal cardiomyocytes, lung cell lines, heart and brain. Among the
functions of the P2Y, receptor are mediation of NO release from endothelial cells to
induce vasodilation (Konduri et al., 2004), regulation of epithelial CI" secretion in
jejunum (Ghanem et al., 2005) and modulation of presynaptic glutamate release in

hippocampus (Rodrigues et al., 2005).
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Mixed agonist responses have been observed between the recombinant P2Y,
receptors from different species. At the human P2Y, receptor, guanosine
5'-triphosphate (GTP) (Communi et al., 1996a; Kennedy et al., 2000), inosine 5'-
triphosphate (ITP) (Communi et al., 1996a; Kennedy et al, 2000), INS365
(Pendergast et al., 2001) and INS37217 (Yerxa et al., 2002) are all agonists, while
UTP represents the most potent agonist (Communi et al., 1996a; Kennedy et al.,
2000). Conversely, ATP acts as a competitive antagonist, while Ap4A is inactive
(Kennedy et al., 2000). In contrast, ATP and UTP activate the recombinant rat
(Bogdanov et al., 1998; Kennedy et al., 2000) and mouse P2Y, (Lazarowski et al.,
2001; Suarez-Huerta et al., 2001) receptors with equal potency, and ITP, GTP and
cytidine 5'-triphosphate have low potency. With regard to the conflicting effects of
ATP at the P2Y}, receptor, a study of chimeric human/rat P2Y, receptors highlighted
the possible role of the N-terminal tail and three residues (asparagine-177, isolucine-
183 and leucine-190) of the second extracellular loop in determining the action of
ATP (Herold et al., 2004).

The activity of antagonists at the recombinant P2Yy receptor is also variable
between species. A maximal response to UTP at human P2Y, receptor was reduced
by PPADS at 100uM by about 50% (Communi et al., 1996a), however, the actions
of UTP at the rat P2Y4 receptor were not affected by a similar concentration of
PPADS (Bogdanov et al., 1998). In addition, RB2 modestly inhibited the
UTP-evoked response at the human P2Y, receptor (Communi et al., 1996a), but
virtually abolished the response to UTP at the rat P2Y,4 receptor (Bogdanov et al.,
1998). The only reported consistent effect of an antagonist at this receptor for both
species is that of suramin, where at 100uM, it was either ineffective (human) or very
weak (rat) at inhibiting the UTP-evoked response (Communi et al., 1996a; Bogdanov
et al., 1998).

Interestingly, two receptors from Xenopus (p2y8) (Bogdanov et al., 1997) and
turkey (p2y) (Boyer et al., 2000) have been identified, which resemble the
mammalian P2Y,4 receptor. Upon stimulation, the p2y receptor can activate and
inhibit PLC and adenylyl cyclase, respectively, and this indicates a dual coupling of
receptor to Gogii and Ga. Interestingly, a partial inhibition by the Ga; inhibitor

pertussis toxin of the IP3 rise in response to UTP at the human P2Y, receptor has also
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been reported (Communi et al., 1996a). Together with the previous view of p2y
receptor dual G protein coupling, it could suggest the possible association of P2Yy

receptor with both Gag1 and Goiyo.

2.2.4. P2Y4 Receptor

The P2Y¢ receptor has been cloned and characterised in rats (Chang et al., 1995),
humans (Communi et al., 1996b) and mice (Lazarowski et al., 2001). It is distributed
extensively in various tissues, including aorta (most abundant), stomach, mesentery,
intestine, spleen and lungs (Chang et al., 1995; see also Table 1.4), which explains
the diverse cellular responses. Among such responses are regulation of chemokine
production and release in monocytes (Marcet et al., 2007), NaCl secretion in colonic
epithelial cells (Kottgen et al., 2003), proliferation of lung epithelial tumor cells
(Schifer et al., 2003), contraction of airway smooth muscles (Govindaraju et al.,
2005), prevention of apoptotic cell death by interacting with the tumor necrosis
factor-a-related signals (Kim et al., 2003) and mediation of human cerebral artery
vasoconstriction (Malmsjo et al., 2003).

The P2Y, receptor is the smallest member amongst the P2Y receptors family,
with 328 amino acid residues (Communi et al., 1996b). It also displays slow
desensitisation and internalisation (Robaye et al., 1997; Brinson & Harden, 2001).
This feature could be explained by its short intracellular C-terminal sequence, which
effectively lacks the key regulator residues (serine-333 and serine-334) that are
essential for agonist-induced phosphorylation, and hence, desensitisation and
internalisation (Brinson & Harden, 2001).

UDP is a potent agonist, while the other endogenous nucleotides are rather less
active at this receptor, as indicated by the more than 100-fold greater potency of
UDP compared to UTP (Communi et al., 1996b; Nicholas et al., 1996). Diuridine 5'-
triphosphate acts as a selective agonist at P2Y receptor (Pendergast et al., 2001).
The rank order of potency of various agonists at the human P2Y¢ receptor is as
follows; UDP > UTP > ADP > 2-MeSATP >> ATP (Communi et al., 1996b). With
respect to the antagonist response, a selective and competitive compound for the
receptor is yet to be produced. However, the traditional antagonists have provided

some useful findings whereby RB2 displays antagonist activity at this receptor,
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especially from the human origin, while the antagonist activity of PPADS is slightly
less potent at this site (Robaye et al., 1997). The rank order of potency of the
antagonists is as follows; RB2 > PPADS > suramin. Recently, Mamedova et al.,
(2004) showed that three diisothiocynate derivates; 1,2-diphenylethane (MRS2567),
1,4-di-(phenylthioureido) butane (MRS2578) and 1,4-phenylendiisothiocyanate
(MRS2575) displayed potent antagonist activity at the recombinant P2Y receptor,
without affecting the response mediated by other P2Y receptors at concentrations as

high as 10uM.

2.2.5. P2Y;; Receptor

To date, humans (Communi et al., 1997; van der Weyden et al., 2000) and dogs
(Q1 et al., 2001) are the only sources for the cloning and characterisation of the
P2Y; receptor. No gene for this receptor has been detected in rodent genomes, thus
explaining the lack of detection of functional P2Y; receptor in both rat and mouse.
mRNA of the receptor can be found in several tissues (see Table 1.4), such as spleen,
intestine, skin, and kidney. Effects mediated by this receptor include maturation and
migration of dendritic cells (Wilkin et al., 2001) and a secretory role in pancreatic
duct epithelial cells (Nguyen et al., 2001).

Variation of pharmacological activities between canine and human P2Yy,
receptors has been noted, in agreement with only 70% of the amino acid residues
being shared between them (Zambon et al., 2001). This differential selectivity might
be explained by the substitution of arginine in the human recombinant receptor for
glutamine in the canine counterpart, at position 265, which is located at the junction
between TM6 and the third extracellular loop (Qi ef al., 2001). Thus, the human
recombinant receptor demonstrated a positive tendency towards adenine
triphosphate-analogues with an agonist rank order of potency as follows; 2-
propylthio-d-fp,y-dichloromethylene-ATP (AR-C67085MX) > adenosine 5'-O-(3-
thiotriphosphate) ~ 2'-3'-O-(4-benzoylbenzoyl) ATP > 2'-deoxyATP > ATP > ADP
(Communi et al., 1997, 1999; Qi et al., 2001). UTP, GTP, cytidine 5'-triphosphate,
thymidine 5'-triphosphate, ITP and dinucleotides are inactive at this receptor (White
et al., 2003). In contrast, a greater potency of diphosphates compared with

triphosphates was noted at the canine P2Y; receptor, i.e. 2-MeSADP > adenosine 5'-
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O-(2-thiodiphosphate) > ADP > ATP (Qi et al., 2001). In both species, suramin and
RB2 antagonised the receptor, although PPADS is inactive (Communi et al., 1999;
Qiet al., 2001).

There are several aspects of human P2Y; receptors that are unique from other
P2Y receptors. These distinct aspects include; its gene contains an intron in the
coding sequence, relatively low potency of the natural agonist (ATP), and it
stimulates both PLC and adenylyl cyclase, indicating dual coupling to Gogi1 and
Go, respectively (Communi et al., 1997, 1999; Qi et al., 2001).

2.2.6. P2Y ;> Receptor

In 2001 the P2Y; receptor, formerly known as orphan GPCR SP199 or P2T s,
was successfully cloned and characterised in humans (Hollopeter et al., 2001), rats
(Hollopeter et al., 2001) and mice (Foster et al., 2001). Distributed in the brain
(particularly glial cells), spinal cord and kidney (see Table 1.4), this receptor has
many functions, including a role in demyelination and axonal injury in multiple
sclerosis (Amadio et al., 2009), and fibrinogen-receptor activation, thrombus
formation and recruitment of platelets to injury sites (Gachet et al., 2006).

The photolabelling technique, which utilised radiolabelled GTP, has shown that
the receptor is coupled to Gaix (Ohlmann et al., 1995). Although ADP acts as an
endogenous agonist at the P2Y;, receptor, it is much less potent compared to
2-MeSADP (Zhang et al., 2001; Hollopeter et al., 2001). The rank order of agonist
potency is 2-MeSADP >> ADP > adenosine 5'-O-(2-thiodiphosphate) (Zhang et al.,
2001; Kauffenstein et al., 2004). There have been conflicting reports of the action of
ATP at the P2Y, receptor. Established by its ability to antagonise the ADP-induced
adenylyl cyclase inhibition, ATP, after being purified from the ADP contamination,
has been confirmed to display an antagonistic effect at both human and mouse P2Y,
receptors in platelets (Kauffenstein er al., 2004). Conversely, in P2Y,-expressing
cell preparations, including neurons, ATP and its analogues were shown to behave as
agonists (Zhang et al., 2001; Unterberger et al., 2002; Ennion et al., 2004). With
respect to antagonists, both RB2 and suramin are active, while PPADS is inactive
(Takasaki et al., 2001; Zhang et al., 2001). Several potent antagonists have been
developed, including  N°-2-(methylthioethyl)-2-(3,3,3-trifluoropropylthio)-p,y-
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dichloromethyl ATP (AR-69931MX or cangrelor) (Ingall et al., 1999) and 3-{7-[2—
3,4-difluoro-phenyl-cyclopropryamino]-5-propylsulfanyl [1,2,3]triazolo[4,5-
d]pyrimidine-3-yl}-5-(2-hydroxymethoxy)-cyclopentane-1,2-diol (AZD6140), an
orally active anti-platelet aggregation compound, which has been shown, from the
outcomes of its phase III clinical trial (PLATO trial), to reduce the rate of death from
various cardiovascular conditions, such as myocardial infarction, without a
significant increase in the rate of bleeding in patients with acute coronary syndromes

(Wallentin et al., 2009).

2.2.7. P2Y 3 Receptor

The P2Y 3 receptor has been cloned and characterised in humans (Communi e?
al., 2001), mice (Zhang et al., 2002) and rats (Fumagalli et al., 2004). The function
of the receptor is not entirely clear, although its mRNA is abundant in the spleen and
brain (Communi et al., 2001; Fumagalli et al., 2004). Additionally, it has been
detected in other tissues or organs, such as the placenta, liver, bone marrow, lung and
heart (Zhang et al., 2002; see also Table 1.4). ADP-mediated effects at P2Y 3
receptor, including increased binding of radiolabelled guanosine 5'-O-(3-
thiotriphosphate) (GTPy[”S]), inhibition of cAMP formation and phosphorylation of
ERK1/2, can be inhibited by pertussis toxin, indicating coupling of the receptor with
Gayo (Communi et al., 2001; Marteau et al., 2003).

ADP and diadenosine 5'-triphosphate act as naturally occurring agonists (Zhang
et al., 2002; Marteau et al., 2003), while ATP, after purification, either behaves as a
weak partial agonist (Marteau et al., 2003) or is virtually inactive (Communi et al.,
2001). The relative agonist potency of ADP and 2-MeSADP at the P2Y 3 receptor
varies between species and cell preparations. Human P2Y 3 receptors expressed in
CHO-KI cells were activated by ADP and 2-MeSADP with equal potency in
decreasing the cAMP formation (Marteau et al., 2003). However, the same study
showed that by using 1321N1 cells, 2-MeSADP was more potent than ADP in
displacing [*’P]2-MeSADP from the receptor, and inducing binding of GTPy[*’S] to
G proteins. Additionally, 2MeSADP was also more potent than ADP in inducing
glycogen synthase kinase-3 phosphorylation in the rat granule neurons (Ortega et al.,

2008). A contrasting finding, however, was observed in rat P2Y;; receptor-

31



expressing 1321N1 cells whereby the potency of ADP was greater than 2MeSADP in
inducing binding of GTPy[*S] to G proteins (Fumagalli er al., 2004). Multiple
conformations, kinetics, and preference for G proteins could possibly account for
such variable relative potency of ADP and 2-MeSADP. Suramin, PPADS, ApsA and
2-methylthio-adenosine 5'-monophosphate as well as the previously recognised as
P2Y |, selective antagonist, cangrelor, are all antagonists at this receptor, with a rank

order of potency of; cangrelor > suramin > PPADS (Marteau et al., 2003).

2.2.8. P2Y 4 Receptor

Previously known as GPRI105, KIAA(0001 and UDP-glucose receptor, this
receptor is 18 - 45% identical to other human P2Y receptors, and has the highest
sequence homology with the P2Y, and P2Y 3 receptors (Abbracchio et al., 2003).
The amino acid sequence of the human P2Y 4 receptor has 80% and 89% similarity
to that of rat and mouse counterparts, respectively (Freeman et al., 2001). The
distribution of P2Y ;4 mRNA in human body includes the placenta, adipose tissue,
brain, stomach, intestine, lungs, heart bone marrow and thymus (Charlton et al.,
1997; Chambers et al., 2000; Freeman et al., 2001; see also Table 1.4). Additionally,
the mRNA is also abundantly found in rat brain (Charlton et al., 1997). The role of
this receptor is not completely understood. It couples to the Gai, protein to mediate
its action (Chambers et al., 2000; Moore et al., 2003).

There is relatively little knowledge about the pharmacological properties of this
receptor, although it is so far exclusively activated by sugar nucleotides (UDP) with
a rank order as follows; UDP-glucose > UDP-galactose > UDP-glucuronic acid >
UDP-N-acetylglucosamine (Chambers et al., 2000). The antagonist activity remains
to be defined as study is yet to be conducted to explore the effect of currently
available P2 receptor antagonists. However, Fricks et al., (2008) demonstrated that
UDP can act as a competitive antagonist and agonist at the recombinant human and
rat P2Y 4 receptors, respectively, which were transiently coexpressed with the
recombinant Gog; in cell lines. Interestingly, their subsequent study that utilised a
native G protein signalling system found that UDP acted as a full agonist with
similar potency and efficacy to UDP-glucose at the recombinant human P2Y 4

receptor stably expressed in cell lines (Carter et al., 2009). They suggested that these
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differential findings could be due to the level of signalling proteins and the types of
G protein associated with the signalling system that might influence the receptor

activation by a ligand and the subsequent responses.

2.3. Synthetic P2Y Receptor Agonists

Determination of the functions of P2Y receptors has been hindered by a lack of
subtype-selective agonists and antagonists. In recent years analogues of dinucleotides
have been found to display a degree of selectivity. In addition, dinucleotides are
relatively more resistant against the enzymatic degradation compared to
mononucleotides (Yerxa et al., 2002; Shaver et al., 2005). For example, INS365
showed a higher potency at the recombinant human P2Y, and P2Y, receptors than
P2Y¢ receptors, with ECsy values of 0.1 — 0.27, 0.4 — 1.22uM, and 16 — 20uM,
respectively (Pendergast et al., 2001; Yerxa et al., 2002; Shaver et al., 2005). In
contrast, diuridine 5'-triphosphate demonstrated more potent agonist activity at the
P2Y receptor than at P2Y; and P2Y, receptors, by at least 10-fold (ECso = 22, >100
and 0.2uM, at P2Y,, P2Y4 and P2Y receptors, respectively), and was inactive at
P2Y, receptor (Pendergast et al., 2001). In addition, its potency at P2Y¢ receptor is
comparable with UDP (ECsy = 0.042 — 0.1uM) (Pendergast et al., 2001; El-Tayeb et
al., 2006).

The drug company Inspire Pharmaceuticals (Durham, USA) have studied and
developed several compounds that display a degree of P2Y receptor-subtype
selectivity. Of particular relevance to this thesis are two dinucleotides derivatives, P'-
(uridine 5'—),P4—(inosine 5'-) tetraphosphate (INS45973) and Pl—((2—benzy1—1,3—
dioxolo-4-yl)uridine 5") p’ -(uridine 5'-)triphosphate (INS48823). These two
compounds are particularly useful for characterising the P2Y receptor-mediated
contraction in the pulmonary artery since they have high selectivity at the P2Y
subtypes of which the mRNA is expressed in this vessel (Gui et al., 2008).
Additionally, a mononucleotide, 3-(2-oxo-2-phenylethyl) UDP (3-phenacyl UDP),
which is an agonist with selectivity at the P2Y, receptor, is also a valuable tool for

this investigation.
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2.3.1. INS45973

INS45973 is an analogue of the naturally occurring dinucleotide P2Y agonist
UpsA (Jacobson et al., 2009; Jankowski et al., 2009). While inactive at the human
P2Y, receptors, this agonist is highly potent at the recombinant human P2Y, and
P2Y, receptors, but not P2Y¢ receptors in elevating [Ca2+]i (ECso of 0.52, 0.28 and
>10uM for P2Y,, P2Y, and P2Ys receptors, respectively) (Shaver er al., 2005).
When compared with UTP, it is less potent at the P2Y, receptor, but has a similar
potency at the P2Y, receptor (ECsp of UTP = 0.03 and 0.1uM, at P2Y, and P2Y,
receptors, respectively) (Pendergast et al., 2001). To date, limited data are available
on the effects of INS45973 in tissues or animals, although it was found to be
effective in stimulating vaginal moisture in the ovariectomised rabbit via P2Y,
receptor activation (Min et al., 2003), and has been shown to activate presynaptic
inhibition of glutamate release from the nerve terminal in rat hippocampus via P2Y,

and/or P2Y 4 receptors (Rodrigues et al., 2005).

2.3.2. INS48823

Another dinucleotide P2Y agonist INS4882 has a high potency at the
recombinant human P2Y receptor (ECsy of 0.125uM), with no appreciable activity
at P2Y,, P2Y, or P2Y, receptors, in inducing the elevation of [Ca2+]i (Korcok et al.,
2005). Its potency at P2Y receptor is comparable with UDP (ECsp = 0.042 — 0.1uM)
(Pendergast et al., 2001; El-Tayeb et al., 2006). The biological profile of activity of
this agonist has been studied in several intact tissues and native cell preparations. In
human dendritic cells, INS48823 induced the release of the chemokine CCL20 with
an ECsp of 12.7 + 4.4uM and at 100uM, INS48823 was more effective than UDP in
stimulating CCL20 release in the human airway epithelial cells (Marcet et al., 2007).
Likewise, INS48823 induced higher rabbit oestoclast survival than UDP at 10uM for
both agonists (Korcok et al., 2005). However, INS48823 and UDP were equi-
effective in inducing CI secretion in the mouse trachea (Schreiber & Kunzelmann,

2005).
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2.3.3. 3-Phenacyl UDP

3-phenacyl UDP is a P2Y, selective agonist, which is synthesised by adding a
large phenacyl residue at N3 position of UDP. In cell lines expressing recombinant
human P2Y receptors it induced an increase in [*Hlinositol phosphates with ECsg
values of 40, >100 and 0.07uM at P2Y,, P2Y4 and P2Ys receptors, respectively
(El-Tayeb et al., 2006). In contrast, it failed to induce a rise of intracellular Ca** at
concentrations of up to 10uM in rat basophilic leukemia-2H3 cells, which express an
abundant level of native P2Y 14 receptor compared to P2Y», P2Y4 and P2Y receptors
(Gao et al., 2010). Information on the biological profile of activity of 3-phenacyl
UDP is very limited, although Kauffenstein ef al., (2010) have recently shown that
3-phenacyl UDP evoked vasoconstriction of thoracic aorta from the transgenic mice
lacking nucleoside triphosphate diphosphohydrolase-1 (NTPDasel), with a potency
of about 20-fold lower than UTP and UDP (ECsp = 22.8 + 12.4uM, 1.06 + 0.64uM,
1.76 £ 0.94uM for 3-phenacyl UDP, UTP and UDP, respectively).
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3. P2Y RECEPTOR AND PULMONARY ARTERIAL SMOOTH MUSCLE
3.1. Distribution and Action of P2Y Receptor

Initially, on the basis of pharmacological responses, it was suggested that in
pulmonary arteries P2Y receptors were restricted to the endothelium while P2X
receptors, and more specifically the P2X1 subtype, were primarily expressed in
smooth muscle (Liu er al., 1989). However, contraction of the pulmonary artery
smooth muscle can also be evoked after P2X receptor blockade, thus clearly
indicating the presence of P2Y receptors in the smooth muscle (Rubino & Burnstock,
1996). At present, it is not exactly clear which P2Y subtypes are expressed in
pulmonary artery smooth muscle, although Hartley et al., (1998) have identified
P2Y¢ receptor mRNA in this tissue. Additionally, the mRNA of four P2Y receptors
(P2Y1. 2. 4. 6) has been detected in the pulmonary artery (Konduri et al., 2004; Gui et
al., 2008). In other vascular smooth muscle, such as aorta, P2Y, and P2Y transcripts
were found to be the most abundant, while P2Y is the least or barely detected, and
P2Y,4 was only moderately expressed (Erlinge et al., 1998). Wihlborg et al., (2004)
have recently reported seven P2Y (P2Y,, 2 4 6 11, 12, 13) receptors in the human
mammary vascular smooth muscle through pharmacological profile and
mRNA/protein detection. They also found that P2Y, receptor mRNA appeared the
most abundant. In human mammary vascular tissue, P2Y;; mRNA expression was
again detected, although the Western blotting was unable to confirm the protein
expression in this tissue (Wang et al., 2002).

Consistent with the previous view on the distribution of P2 receptors, the
purine-evoked contraction of vascular smooth muscle was also originally believed to
be mediated primarily by P2X receptors, with no contribution from P2Y receptors
(Burnstock & Kennedy, 1986). Nevertheless, the involvement of P2Y receptors was
apparent when desensitisation and hence inhibition of P2X1 receptors by
a,B-MeATP did not abolish ATP- and UTP-evoked vasoconstriction. In the rat tail
artery, o,p-MeATP desensitisation reduced the peak responses evoked by ATP and
UTP to about 20% and 70%, respectively of control (McLaren et al., 1998). In rat
pulmonary artery, suramin reduced the maximal contractile response of UTP and
UDP to about 57% and 76%, respectively (Hartley et al., 1998). Thus, it might

indicate the presence of two receptors; one is UTP-activated and suramin-sensitive,
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while the other receptor is activated by UDP, and relatively resistant to suramin.
Additionally, another study in rat pulmonary artery further supported the view of the
possible existence of two distinct P2Y receptors to evoke UTP/UDP-mediated
contraction. At one site, the agonist response is insensitive to suramin, PPADS and
RB2, while the other site is resistant to PPADS and RB2, but sensitive to suramin
(Chootip et al., 2002).

3.2. Possible Physiological and Pathological Functions of Pulmonary P2
Receptors

As mentioned above, a complex balance of factors maintain the pulmonary
arteries in a dilated, low-resistance state that maximises the delivery of deoxygenated
blood to the alveoli (Barnes & Liu, 1995). Nucleotides appear to contribute to this
state as ATP, which is present in red blood cells at mM levels (Erlinge & Burnstock,
2008), is released from these cells as they pass through the pulmonary arterial bed
and acts at endothelial P2Y receptors to induce release of NO from the endothelial
cells, which in turn acts on the arterial smooth muscle to decrease vascular resistance
(Sprague et al., 1996, 2003).

Vasoconstriction mediated by the smooth muscle P2X and P2Y receptors is
likely to be prominent when endothelial-relaxant function is compromised,
particularly in the pathological conditions, such as hypoxia- or monocrotaline-
induced pulmonary hypertension (Adnot et al., 1991; Mam et al., 2010) and chronic
obstructive pulmonary disease (Dinh-Xuan et al., 1991). Indeed, extracellular ATP is
elevated in the latter disease, which would increase the contribution of P2 receptors
to artery regulation. The smooth muscle P2X and P2Y receptors also appear to play a
role in hypoxic pulmonary vasoconstriction, as the P2 receptor antagonist suramin
inhibited this response in perfused rabbit lungs (Baek et al., 2008). Thus, given the
potential roles of nucleotides in both physiological and pathophysiological states, it
is important to understand the mechanisms that couple P2 receptors to the constrictor

response.
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3.3. Mechanisms of P2Y Receptor-Mediated Contraction

As previously noted in section 1.2.1, elevation of [Ca**]; via both influx of
extracellular Ca®* and release of intracellular Ca** stores is fundamental for
triggering smooth muscle contraction. However, the contribution of extracellular
Ca’" influx in P2Y receptor-mediated contractions of the pulmonary arterial smooth
muscle has yet to be studied. Nonetheless, the slower, tonic phase of UTP-evoked
contractions in the rat tail artery was partially inhibited by Ca®" free external solution
(McLaren et al., 1998), indicating that Ca®* influx was induced following P2Y
receptor activation. Additionally, various vessels, including rat femoral artery (Saiag
et al., 1990), rat aorta (Lopez et al., 2000), rat coronary artery (Welsh & Brayden,
2001) and bovine cerebral artery (Miyagi et al., 1996), also show a degree of
dependency on the Ca** influx for the contractile responses induced by P2Y receptor
stimulation.

The complete view on the mechanism of P2Y receptor-mediated contraction in
pulmonary smooth muscle remains unclear, and is complicated by the multiple
interactions between the signalling pathways within the cellular system. Therefore,
further investigation is indeed necessary to clarify this issue. Two main areas were of
particular interest in this study; 1) the contribution of PLC/IPs-mediated signalling
pathway, particularly on the elevation of [Ca*];, and 2) the sensitisation of

contractile proteins to Ca®".

3.4. PLC/IP3-Mediated Signalling in the Elevation of [Ca®'];

To date, several line of evidence have indicated that stimulation of P2Y receptors
in vascular smooth muscle leads to the activation of PLC (Murthy & Makhlouf,
1998), increased IPs production (Flitz et al., 1994; Harper et al., 1998), and release
of intracellular Ca** stores (Saino et al., 2002; Meng et al., 2007). With respect to the
rat pulmonary artery smooth muscle, Zheng et al., (2005) recently reported that ATP
stimulated an intracellular Ca** release, which was rather resistant to a ryanodine
receptor antagonist. A transient [Ca®*]; oscillation preceded by a small maintained
[Ca®*]; rise was also induced by ATP in rat isolated pulmonary artery smooth muscle
cells (Guibert et al., 1996; Pauvert er al., 2000). The transient [Ca2+]i oscillation was

not affected by either zero Ca®* solution or the Ca**-induced Ca** release (CICR)

38



blocker, tetracaine (Guibert et al., 1996). However, thapsigargin, the sarcoplasmic
reticulum Ca** pump inhibitor, abolished this [Ca**]; oscillation, thus indicating a
considerable contribution of the IPs-dependent, but not CICR-dependent Ca** release
from the intracellular stores in evoking this transient [Ca2+]i rise. In addition,
inhibition of IP5; formation by the cAMP-elevating agent, forskolin (Berman et al.,
1994), which acts via the protein kinase A-mediated phoshorylation of G proteins
and/or PLC (Kim et al., 1989), reduced the frequency of the transient [Ca2+]i
oscillation (Guibert et al., 1996). The PKC activator, phorbol 12, 13-dibutyrate
(PDB), which also inhibits IP; formation (McMillan et al., 1989), reduced the
frequency and amplitude of the ATP-evoked transient [Ca**]; oscillation, together
with delaying the first [Ca2+]i transient response (Guibert et al., 1996). This PDB-
induced inhibitory effect was reversed by calphostin C, the PKC inhibitor (Guibert et
al., 1996) and hence, these results further support the involvement of IP; in

mediating P2Y receptor-evoked [Ca®*]; rise.

3.5. Ca®* Sensitisation Pathways

Contraction of smooth muscle is governed by phosporylation of the MLC at
serine-19, which is mainly mediated by Ca®*-dependent mechanism, i.e. Ca**-
calmodulin-dependent MLCK. Simultaneously, the phosphorylation of MLC can
also be reversed by the endogenous enzyme, MLCP to bring about smooth muscle
relaxation (Somlyo & Somlyo, 2003). This dephosporylating enzyme can be
modulated by [Ca’']i-independent mechanisms, termed Ca®* sensitisation. These
mechanisms have one feature in common; their ability to regulate Ca* sensitivity of
MLC phosphorylation and contraction by influencing MLCP activity (Somlyo &
Somlyo, 2000). Three main mechanisms or signalling pathways have been
implicated, RhoA/Rho kinase pathway, PKC pathway and an arachidonic acid-
mediated mechanism. The third of these mechanisms is generally associated with
inhibition of the MLCP activity by dissociating its regulatory and catalytic subunits,
and may also indirectly influence the MLCP activity by the RhoA-independent
activation of Rho kinase (Somlyo & Somlyo, 2003). Only the first two mechanisms

will be discussed here in detail.
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3.5.1. RhoA/Rho Kinase Pathway

The substantial involvement of the RhoA/Rho kinase pathway in modulating
Ca” sensitisation has been emphasised in several recent reviews (Somlyo & Somlyo,
2000, 2003; Loirand et al., 2006). RhoA, a monomeric GTPase, belongs to a
Rho-like subfamily of Rho proteins, and acts as a molecular switch for this pathway.
The trimeric G proteins, mainly Go,» and Goy3, and to a lesser extent Gagq and Gai.,
play a role in inducing RhoA and GTP interaction via a family of guanine nucleotide
exchange factors (RhoGEF), such as pl15RhoGEF. Subsequently, the translocation
of the activated RhoA/GTP complex to the plasma membrane stimulates several
target proteins, including the serine/threonine kinase, Rho kinase. Rho kinase has
two isoforms; Rho kinase-1 and Rho kinase-2, of 1354 and 1388 amino acids,
respectively and both amino acid sequences are highly conserved, with an overall of
65% homology. The mechanism of Rho kinase activation by this complex has not yet
been fully characterised, however, it appears that the translocation of this complex to
the plasma membrane is essential in inducing Rho kinase activation. Once activated,
Rho kinase phosphorylates the MLCP targeting subunit (MYPT-1), the regulatory
subunit of MLCP, at several sites, including threonine-697 and threonine-855 in rat
(Tsai & Jiang, 2006; Knock et al., 2008), and threonine-853 in rabbit (Dimopoulos et
al., 2007), and essentially inhibits this phosphatase activity, leading to increased
contraction without a rise in [Ca**];. Numerous studies investigating the involvement
of Rho kinase-mediated Ca®* sensitisation in smooth muscle contractions have
commonly used Rho kinase inhibitors, such as (R)-(+)-trans-N-(4-pyridyl)-4-(1-
aminoethyl)-cyclohexanecarboxamide dihydrochloride monohydrate (Y27632)
(Swird et al., 2000) and 1-(5-isoquinolinylsulfonyl) homopiperazine dihydrochloride
(HA1077) (Nagumo et al., 2000).

A contribution of Ca** sensitisation via Rho kinase in P2Y receptor-mediated
contraction in pulmonary smooth muscle has been reported by Jernigan et al., (2004)
when UTP-evoked vasoconstriction was virtually abolished by Y27632 in membrane
permeabilised rat pulmonary artery. Additionally, the association of the RhoA/Rho
kinase pathway and P2Y receptor stimulation in rat aortic smooth muscle has also
been investigated (Sauzeau et al., 2000). Stimulation of P2Y receptors increased the

amount of membrane-bound RhoA and induced actin stress fiber formation that was
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sensitive to RhoA and Rho kinase inhibitors, such as C3 exoenzyme and Y27632,
respectively. When an inactive form of RhoA was expressed in the myoctes, the
nucleotide-induced actin cytoskeleton formation in these cells was eliminated.
Additionally, Jankowski et al., (2003) also demonstrated that the P2Y receptor-
evoked contractions of renal glomerulus smooth muscle induced by ATP, ADP and
UTP were abolished in the presence of Y27632. However, the contraction stimulated
by a potent P2Y, receptor agonist, 2-MeSATP, was not affected by this Rho kinase
inhibitor. This might suggest a lack of involvement of Rho kinase in P2Y, receptor
signalling mechanism.

Rho kinase-mediated Ca”* sensitisation was also reported in contractions induced
by several agonists in various tissues including; rat pulmonary artery evoked by
PGF,, (Knock et al., 2008), rat tail artery evoked by thromboxane A, analogue
U-46619 (Wilson et al., 2005), and guinea pig ileum evoked by G protein activator,
GTPyS (Swird et al., 2000). Interestingly, Ca** sensitisation also appears to play a
role in KCl-induced smooth muscle contraction and this was initially demonstrated
when depolarisation by high K* increased the Ca* sensitivity in the canine coronary
artery (Yanagisawa & Okada, 1994). In addition, recent reviews (Ward et al., 2004;
Ratz et al., 2005) further highlighted the association of KCI contractions and Ca**
sensitisation. In several tissues Y27632 substantially inhibited contractions induced
by KCl, but without altering the rise in cytoplasmic [Ca2+] (Mita et al., 2002; Urban
et al., 2003). Urban et al., (2003) further revealed that the KCl-induced response was
associated with the induction of Rho kinase translocation from the cytosol to the cell
periphery, i.e. caveolae, and was dependent on Ca**. Ca**-dependent activation of
Rho kinase was also implicated in KCl-induced contraction of rabbit thoracic aorta,
with the upstream mechanism involving the activation of calmodulin and
Ca**/calmodulin-dependent protein kinase-II to induce the formation of the Rho/GTP
complex (Sakurada et al., 2003). Furthermore, Ca**-independent phospholipase A,
can also mediate Rho kinase activation and contribute to KCl-induced contractions of

rabbit femoral and renal arteries (Ratz et al., 2009).
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3.5.2. PKC Pathway

PKC is a serine/threonine kinase and consists of at least 12 isoforms, which are
divided into three main groups; conventional (a, B, Pu, v), novel (3, €, 1, 6, w) and
atypical (C, 1, A). Five of the PKC isoforms (a, P, P, 0, € and () are expressed in
vascular smooth muscles (Cogolludo et al., 2003; Dallas & Khalil, 2003; Andrassy et
al., 2005). Inactive PKC, which is located mainly in the cytosolic compartment,
translocates to the plasma membrane upon activation (Cogolludo et al., 2003; Dallas
& Khalil, 2003). There are several pathways through which PKC mediates the
smooth muscle contractile response. One possible pathway involves Ca*
sensitisation mediated by CPI-17, a 17-kDa peptide which was first extracted from
porcine aorta (Somlyo & Somlyo, 2003; Ward et al., 2004). This 17-kDa peptide is
activated by phosphorylation of its threonine-38 residue by several kinases, including
PKC. Li et al., (1998) have shown that phosphorylation and activation of CPI-17 was
mainly dependent on PKC and at a constantly low [Ca®'];, phosphorylated, but not
non-phosphosporylated CPI-17, was able to induce contractions of membrane-
permeabilised rabbit artery smooth muscle by more than 70%. Furthermore, the rate
of MLC dephosphorylation by MLCP, measured after the tissue was sub-maximally
contracted and treated with 1-(5-chloronaphthalene-1-sulfonyl)-1H-hexahydro-1,4-
diazepine (ML-9) to abolish the effect of MLCK, was significantly reduced in the
presence of phosphorylated CPI-17 compared to control, indicating the profound
inhibitory effect of CPI-17 on MLCP function to dephosporylate MLC. Another
mechanism by which PKC mediates contractions is via the regulation of voltage-
dependent Cayl.2 channel activity, which effectively alters the intracellular
concentration of Ca**. Cobine ef al., (2007) showed that PKC directly potentiated the
activity of Cay1.2 channels during active tone development of endothelium-denuded
rabbit coronary artery. In contrast, PKC also activated this ion channel indirectly by
depolarising the membrane through inhibition of voltage-gated K' channels
(Cogolludo et al., 2003).

Although direct evidence to link the P2Y receptors to PKC/CPI-17-associated
Ca’" sensitisation in the pulmonary artery smooth muscle remains to be established,
other GPCRs have been shown to activate this signalling pathway. In rabbit femoral

artery, Kitazawa et al., (2000) has shown that phenylephrine (o;-agonist) and
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histamine triggered smooth muscle contraction comparable to that induced by high
K*, however Western blotting only detected phosphorylated CPI-17 after agonist
stimulation and not after high K" stimulation. Phosphorylated CPI-17 was also
detected when the tissue was treated with GTPyS, whereas there was no increase
after high [Ca®*] concentration, although both interventions initiated contractile
response of this tissue. Equally, the contraction and phosphorylation of CPI-17
induced by histamine was significantly reduced after exposure to guanosine 5-O-(2-
thiodiphosphate), a G protein inhibitor, thus suggesting that CPI-17 activation is
associated with G protein activity, but independent of Ca®*. Reduction of the
histamine-induced contraction and CPI-17 phosphorylation were also seen following
treatment with PKC inhibitor 2-[1-(3-Dimethylaminopropyl)-1H-indol-3-yl]-3-(1H-
indol-3-yl) maleimide (GF109203X), while only partial reduction was noted with
Y27632. These results underline the ability of PKC, and Rho kinase to some extent,
to regulate CPI-17 activity. Interestingly, CPI-17 expression level in blood vessels
also varies; highest in tonic and lowest in phasic smooth muscles (Somlyo &
Somlyo, 2003).

In addition to the involvement in the contractions evoked by various agonists,
PKC may also play a role in KCl-induced contractile responses. Although Ratz et al.,
(2005) had emphasised that the contribution of PKC is minimal, if not absent, in the
responses induced by KCl, their more recent papers did show a role for an atypical
PKC isoform, PKC(, in the KCl-induced vasoconstriction of rabbit femoral and renal
arteries (Ratz & Miner, 2009; Ratz er al., 2009). The contractions of aorta and
mesenteric arteries induced by KCl were also inhibited by the PKC inhibitor 3-[1-[3-
(amidinothio)propyl-1H-indol-3-yl]-3-(1-methyl-H-indol-3-yl) maleimide (Ro 31-
8220) (Budzyn et al., 2006). Thus, these data suggest that PKC does appear to play a

role in vasoconstriction to KCI stimulation.

3.5.3. Possible Role of Ca’* sensitisation in Pulmonary Vascular Disease

The association of Ca®* sensitisation via the Rho kinase-dependent pathway with
the pathophysiology of pulmonary vascular disease, particularly pulmonary
hypertension, has been widely studied. Although structural remodelling of

pulmonary arteries leading to a fixed elevation of pulmonary resistance is associated
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with pulmonary hypertension, sustained vasoconstriction also plays an important role
in this pathological condition (Loirand et al., 2006). An increase in both basal tone of
the isolated pulmonary artery and pulmonary arterial pressure of the isolated lungs is
seen in chronically hypoxic rats (Adnot et al., 1991; Nagaoka et al., 2004; Broughton
et al., 2008) and in both cases the increase was depressed by Rho kinase inhibitors.
Additionally, the contractile responses of pulmonary artery from hypoxic animal
models to GPCR agonists are enhanced compared to the normoxic counterpart. For
example, Robertson et al., (2000) showed that the response of rat pulmonary artery
to PGF,, was greater in vessels that had been exposed to sustained hypoxia, and the
increase was virtually abolished by Y27632. The contribution of Ca** sensitisation to
ET-1-induced contractions is greatly increased in pulmonary artery from chronically
hypoxic rats, compared to normoxic controls (Weigand et al., 2006). Interestingly,
Jernigan et al., (2004) demonstrated larger UTP-evoked vasoconstriction of
permeabilised pulmonary artery from chronically hypoxic than control rats, and this
contractile response was inhibited by Y27632. Finally, in rats in which pulmonary
thromboembolic-associated pulmonary hypertension was induced by injecting
microspheres into the right ventricles, a rise in the plasma ET-1 level and lung Rho
kinase expression was seen (Toba et al., 2010). Infusion of the Rho kinase inhibitors
HA1077 or Y27632 caused an improvement of right ventricular systolic pressure,
arterial oxygen tension and alveolar-arterial difference in PaO,.

The above studies clearly show an important role for Ca** sensitisation via Rho
kinase in the development of pulmonary hypertension. However, only one study so
far actually examined the contribution of P2Y receptors in this pathological
condition, therefore, a better understanding of the signalling mechanisms, especially
Rho kinase-mediated Ca®* sensitisation pathway, of pulmonary artery contractions

evoked by P2Y receptors activation is essential.
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4. AIMS OF THE STUDY

The main aim of my project is to study the intracellular pathways through which
P2Y receptor agonists induce pulmonary vasoconstriction, in particular PLC, PKC
and Ca®" sensitisation of contractile proteins via Rho kinase. Initially, it was
necessary to establish a protocol for studying P2Y receptor-mediated
vasoconstriction by adding UTP and UDP to rat isolated small intrapulmonary artery
(SPA) to characterise the basic profile of the tissue’s contractile responses, the
influence of the endothelium and the reproducibility of the P2Y receptor-mediated
contraction. In order to investigate the involvement of several potential signalling
mechanisms that might underlie this vasoconstriction, a number of compounds were
used; 1-[6-[[(176)-3-methoxyestra-1,3,5(10)-trien-17-yl]amino]hexyl]-1H-pyrrole-2,
S5-dione (U73122) and 1-[6-[[(175)-3-methoxyestra-1,3,5(10)-trien-17-yl]amino]
hexyl]-2,5-pyrrolidinedione (U73343), the selective phosphatidylinositol (PI)-PLC
inhibitor and its inactive analogue, respectively, Y27632 and GF109203X, the
inhibitors of Rho kinase and PKC, respectively, and suramin, the non-selective P2
receptor antagonist. The selectivity of Y27632 and potency of GF109203X were first
assessed against the contractile response of pulmonary artery evoked by the PKC
activator, phorbol 12-myristate 13-acetate (PMA). The effects of the above
compounds on the nucleotide-evoked vasoconstriction were then investigated in the
intact rat SPA preparation.

The next step was to establish the optimum conditions for the permeabilisation of
rat SPA by focusing on several key issues; 1) effect of temperature on the contractile
activity of the intact rat SPA, 2) preparation of permeabilising solution at various
free [Ca2+], 3) effectiveness of the permeabilising agents, f-escin and a-toxin, and
reproducibility of contractions of the permeabilised tissue and 4) the requirement for
ATP in the permeabilisation solution. After successfully optimising the membrane-
permeabilised technique, the study was continued, using this technique, to investigate
directly the role of Ca** sensitisation in P2Y receptor-mediated contractions of rat
SPA, in particular to establish whether Rho kinase and PKC were involved in
mediating the UTP- and UDP-evoked contractions via Ca** sensitisation. Finally, the
study further characterised the P2Y receptor-mediated vasoconstriction of rat SPA by

using three selective P2Y agonists; INS45973, selective at P2Y, and P2Y}4 receptors,
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and INS48823 and 3-phenacyl UDP, selective at P2Y¢ receptors. It was carried out

both in the intact and membrane-permeabilised preparations.
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Chapter 2:

Materials and Methods
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1. CONTRACTILE STUDIES
1.1. Tissue Preparation

Animals used in this study were obtained from licensed breeders and housed in
the Biological Procedures Unit within the University of Strathclyde. Male Sprague-
Dawley rats (150 — 250g) were killed according to Schedule 1 of U.K. Home Office
Regulations by cervical dislocation. Thoracotomy was performed immediately to
remove the heart and lung en bloc, which were placed in a salt solution composed of
(mM): NaCl 122; KCI 5, N-[2-hydroxyethyl]piperazine-N"-[2-ethane-sulphonic acid]
(HEPES) 10; KH,POy4 0.5; NaH,PO4 0.5; MgCl, 1; glucose 11; CaCl, 1.8, titrated to
pH 7.3 with NaOH and bubbled with medical air (21% O,, 5% CO,, 70% N,). All
the lung lobes except for the anterior right lobe (Figure 2.1a) were isolated and used
in this study. Each lobe was pinned onto a dissecting dish and bathed in buffer.
Under a dissecting microscope, an incision was made from the proximal airway
along the bronchial tree to distal bronchus (Figure 2.1b, insert) to facilitate
visualisation of the main intrapulmonary artery located inferior to the airway. The
bronchial tissue was then carefully removed to expose this artery and after removing
the surrounding tissue, a section of this artery with an internal diameter 300um -
500pm (SPA) was dissected (Figure 2.1, 2.2).

The endothelium of the artery was removed as appropriate by rubbing the vessel
lumen gently with a thread. The vessels were cleaned of extra connective tissues, cut
into rings about Smm long and mounted horizontally in Iml baths on a pair of
platinum intraluminal wires (diameter = 125um) (Figure 2.2). The lower wire was
hooked inside the bath while the upper wire was attached to a Grass FTO3 isometric
force transducer connected to a MaclLab/4e system, using Chart 3.3 software (AD
Instruments). Tissues were stretched with care and equilibrated under a resting
tension of 0.5g for 60 min at 37°C in fresh buffer. During this period the tissues were

washed every 15 min.
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heart

Figure 2.1. Diagram of rat lungs and heart showing the sections of pulmonary
artery that were studied. a) represents (i) an actual picture and (ii) a schematic
drawing of the lungs and heart, and the lung lobes are indicated as follows: L, left;
PCR, postcaval right; PR, posterior right; AR, anterior right. b) The left lung lobe is
being dissected and part of the main intrapulmonary artery is exposed. The insert
shows the profile of a lung lobe, indicating the dissection procedure where the
airway is initially cut to ensure the main intrapulmonary artery located inferior to it is
readily visible. The blue arrows in a.ii) and b) show the sections of SPA routinely
used in this study. [Fugure 2.1a.ii was adapted from Logantha, 2009]
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Figure 2.2 The organ bath set up for recording the isolated rat SPA
preparations. A section of SPA (circled in black in left hand panel) within a lung
lobe and subsequently mounted under isometric conditions in 1ml baths (middle and
lower panels).
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1.2. Experimental Protocols
1.2.1. Nucleotides Control Responses

A previous study found that the contractile concentration-response curves for
UTP and UDP did not reach a maximum in rat SPA (Chootip et al., 2002).
Therefore, throughout these experiments, UTP and UDP were applied to the tissues
at 300uM, which has been shown to produce equi-effective, sub-maximal
contractions of this tissue (Chootip et al., 2002). Removal of the endothelium was
confirmed by inhibition of the relaxation to 10uM ACh, applied for 2 min in vessels
precontracted for 5 min with UTP or UDP. It is very difficult to remove the
endothelium altogether (De May & Vanhaoutte, 1982; Savineau et al., 1991; Ralevic
& Burnstock, 1996), therefore, the tissues in which ACh induced a relaxation of less
than 20% of the peak contraction amplitude were considered to be endothelium-
denuded. The contraction amplitudes from the control response were also measured
at 5 and 7 min after agonist application to validate the effect of ACh. The
reproducibility of contractile responses to UTP and UDP was investigated by adding
them 6 times for 7 min at 30 min intervals with several washes in between, followed
by a single addition of 40mM KCI to the endothelium-intact and —denuded
preparations. In each artery, the peak contraction amplitude and the responses
amplitude 5 min after addition were measured in response to the nucleotides and
KCl, respectively. However, thereafter the KCI response was measured at 7 min. In
subsequent experiments three responses to 300uM UTP or 300uM UDP were
obtained before adding potential inhibitors and the mean of the second and third

responses was used as the control.

1.2.2. The Role of PI-PLC

The contribution of PI-PLC to the nucleotide-evoked contractions was
investigated using the selective PI-PLC inhibitor U73122 (Bleasdale et al., 1990),
which has been shown to inhibit contractions mediated by various GPCR in vascular
preparations (Kawanabe et al., 2006; Snetkov et al., 2006; Clarke et al., 2008). The
inactive analogue of U73122, U73343 (10 or 30uM) was used as a control and 10uM
PGF,,, which commonly triggers the PI-PLC/IP; pathway via activation of FP

receptors (Abramovitz et al., 1994), was also utilised as an indicator of the
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effectiveness of the U73122 concentration being used. In addition, 40mM KCl was
used as a reference agonist to provide a general indication of the selectivity of
inhibitors being used. U73122 and U73343 were preincubated for 30 min to allow
sufficient time for them to act before addition of the agonist (Kawanabe et al., 2006).
A slight variation of protocol for the observation with U73343 was employed. As
reported in the results, preincubation of 10uM U73343 did not alter the peak
contraction of agonists (UTP, UDP and PGF,,), therefore, 30uM U73343 was

subsequently added to the same tissues prior to further agonist application.

1.2.3. The Role of Rho Kinase and PKC

The involvement of Rho kinase and PKC in P2Y receptor-evoked contraction
was investigated by first assessing the selectivity of 10uM Y27632, an inhibitor of
Rho kinase (Uehata et al., 1997) and potency of GF109203X, an inhibitor of PKC
(Toullec et al., 1991) against the contractile response of SPA evoked by the PKC
activator, PMA (10uM). 10uM Y27632 was used as it has been shown to produce
substantial inhibition of Rho kinase in previous studies (Uehata et al., 1997; Jernigan
et al., 2004). 3uM GF109203X was used initially. However, as reported in the
results, it was found to be sub-maximal and so 10uM was then tested. 10uM Y27632
or 10uM GF109203X were either preincubated for 15 min before adding PMA, or
added after precontracting the tissue with PMA for 60 min. The effects of 10uM
Y27632 and 10uM GF109203X, either alone or together were then explored against
the contractions evoked by the nucleotides, either preincubated for 15 min prior to, or
20 min after the subsequent addition of nucleotides. Inhibitors were also tested

against KCl response in a similar manner.

1.3. Permeabilisation Experiment
1.3.1. Effect of Temperature on the Contractile Activity of Intact Rat SPA

Muscle permeabilisation has been studied at several temperatures: 37°C (Jernigan
et al., 2004), 30°C (Li et al., 1998) and 26°C (Thomas et al., 2005) and so in initial
experiments, the contractile responses to UTP and UDP in intact, unpermeabilised
tissues, were characterised at different temperatures. For each nucleotide, three

consecutive responses at 300uM were evoked, followed by three cumulative
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concentration-response curves (0.1 — 1.0mM) at 30 min intervals. Finally, the tissue

was challenged with 40mM KCL

1.3.2. Preparation of Permeabilisation Buffer with a Range of [Ca’*]

Unless otherwise stated, the permeabilisation buffer was composed of (mM): KC1
125; MgCl, 4; HEPES 10; creatine phosphate 10, glucose 11; ethylene glycol-bis(2-
aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA) 4, titrated to pH 7.1 with KOH.
Free [Ca®*] was set by varying the amount of CaCl, added and was calculated using
WinMAXC™, version 2.50 (http://www.stanford.edu/~cpatton/maxc.html), which
calculates free [Ca2+]. The interactions between multiple metals (Ca2+, Mg2+) and
multiple binding agents (EGTA, ATP) at the same time is very complex and so this
programme reiteratively solves nine equations, as explained in Fabiato & Fabiato,
(1979) to calculate free [Ca®*]. The ionic strength of the solutions (I) was calculated
from the equation I = 1/2YCZ?, where C = concentration of ion and Z = charge of
ion, at a given temperature and total concentrations of EGTA, ATP, Ca** and Mg2+.

Adding CaCl, to the permeabilisation buffer causes a marked decrease in pH, due
to dissociation of H" from EGTA (Tsien & Pozzan, 1989). To avoid this acidification
the method of Tsien & Pozzan, (1989) was adopted. Two EGTA-containing
permeabilising solutions A and B (the compositions as described in the Methods)
were initially prepared. Solution A contained 4mM CaCl, (free [Ca®*] = 3.16uM or
pCa 4.5), while solution B had zero [Ca2+] (Ca2+—free solution). These two solutions
were then mixed together in the following volume/volume (v/v) ratios to produce the
desired free [Ca2+], calculated by the formula; [CaEGTA]/[EGT Age.] or (high Ca**-
containing  solution)yeume/(Ca**-free solution)youme = [Ca**ieel/Kp(Ca™), where
Kp(Ca®) = 2.29 x 10”M (WinMAXC™). The ratios of two solutions and the final
free [Ca®*] of the mixtures were tabulated in Table 2.1. pH was re-checked and re-
adjusted appropriately each time, although the final mixture was routinely observed

to be reduced by only ~0.05 pH units at most.
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Table 2.1. The ratios of high Ca**-containing (pCa 4.5) and Ca**-free solutions

used to produce the final mixture with the desired free [Ca™].
Mixture of (v/v ratios): Free [Ca®*] of the final mixture
Solution A Solution B
(Free [Ca®] = 3.16uM)| (Free [Ca**] = 0pM) M) (pCa)
10 0 31.6 4.5
10 0.229 10 5.0
10 0.725 3.16 5.5
10 2.290 1 6.0
10 7.247 0.316 6.5
4.367 10 0.1 7.0
1.380 10 0.0316 7.5
0.437 10 0.01 8.0
0.044 10 0.001 9.0
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1.3.3. General Permeabilisation Protocol for Exploring Optimum Conditions

First, in the intact rat SPA two KCl-induced responses at a 30 min interval were
obtained, followed by a 3 point cumulative concentration-response curve (0.1 —
1.0mM) to the nucleotides in the standard bathing solution. Subsequently, the tissue
was incubated with Ca**-free PSS for 10 min, which was then replaced by the
permeabilising buffer (pCa 4.5), followed by addition of the permeabilising agent.
The permeabilising agent was then left in contact with the tissue until the resulting
contraction reached a peak, which was taken as an indication that permeabilisation
was complete. The permeabilised tissue was then washed several times with the
permeabilising buffer at pCa 9.0, until a stable basal tension was reached. Various

experimental protocols were then carried out.

1.3.4. Effects of Y27632 and GF109203X on Cumulative Ca’* Concentration-
Response Curve

After a stable basal tension was reached following permeabilisation, cumulative
Ca® concentration-response curve was generated by exposing the tissue to a series of
cumulative additions of a range of free [Ca**], i.e. pCa 9.0, 8.0, 7.5, 7.0, 6.5, 6.0, 5.5,
5.0 and 4.5. For studying the effects of both 10uM Y27632 and 10uM GF109203X,
either of these inhibitors was first preincubated for 15 min before cumulative

additions of [Ca2+] was carried out.

1.3.5. Characterisation of Contractions Evoked by pCa 6.5, UTP, UDP and PMA
and the Effects of Y27632, GF109203X, U73122 and Suramin on these
Contractions

In order to characterise the contractions evoked by pCa 6.5, 300uM UTP, 300uM
UDP and 10uM PMA, a time-course study for these contractions was performed. The
tissue was exposed to pCa 6.5 and the response was monitored for at least 40 min
after reaching the peak. In the agonist response, each of the agonists was added in the
presence of [Ca”*] at pCa 6.5, i.e. once the response to pCa 6.5 reached its peak. The
agonist response was similarly monitored for at least 40 min following its peak. The
effects of 10uM Y27632, 10uM GF109203X, 10uM U73122 and 100puM suramin

against the above contractions, except for PMA, was investigated by applying this
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inhibitor after the contractions reached their peak. For PMA response, only
GF109203X was tested against it and was applied after 60 min following the addition
of PMA.

1.4. Contractile Responses of Synthetic P2Y Agonists INS45973, INS48823 and
3-Phenacyl UDP
1.4.1. Potency of Contractions Evoked by INS45973, INS48823 and 3-Phenacyl
UDP in Intact Preparation and the Effects of Y27632 and Suramin on the
Responses of these Agonists

To examine the potency of the P2Y agonists INS45973, INS48823 and
3-phenacyl UDP, two responses to 40mM KCl were initially evoked, followed by a
cumulative concentration-response curve (1puM — 300uM) to one of the agonists. To
investigate the effects of Y27632 and suramin, either 10uM Y27632 or 100uM

suramin was preincubated for 15 min prior to the subsequent addition of the agonist.

1.4.2. Characterisation of Contractions Evoked by INS45973, INS48823 and
3-Phenacyl UDP in Membrane-Permeabilised Preparations, and the Effects of
Y27632 and Suramin on these Contractions

Consistent with Section 1.3.6, a time-course study for the contractions evoked by
30uM INS45973, 5S0uM INS48823 and 50uM 3-phenacyl UDP was performed. Each
agonist was added in the presence of [Ca®*] at pCa 6.5, once the response to pCa 6.5
reached its peak. The agonist response was monitored for at least 40 min following
its peak. The effects of 10uM Y27632 and 100uM suramin against these contractions

were investigated by applying the inhibitor after the contractions reached their peak.

1.5. Drugs and Solutions

ACh(Cl), ATP (Na; salt), a-toxin, B-escin, creatine phosphate, EGTA, nifedipine,
PGF,,, U73343, UDP (Na salt), UTP (Naj salt) were obtained from Sigma, UK.
GF109203X, 3-phenacyl UDP (Na, salt), suramin, thapsigargin, U73122 and
Y27632 were obtained from Tocris, UK and PMA was obtained from Boehringer,
Mannheim, Germany. INS45973 (Nas salt) and INS48823 ((NH4); salt) were
supplied to Dr. Charles Kennedy personally by Dr. J. L. Boyer, Inspire
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Pharmaceuticals, Durham, USA. ACh, ATP, INS45973, INS48823, 3-phenacyl
UDP, suramin hexasodium, UDP and UTP were dissolved in double deionised
distilled water (ddH,O) and stored frozen as 10mM stock solutions. a-toxin and KCI
were dissolved in ddH,O as 0.5mg/mL and 1M stock solutions, respectively, and
stored at 4°C. GF109203X, nifedipine, PMA, thapsigargin, U73122, U73343 and
Y27632 were initially dissolved in dimethyl sulfoxide (DMSO), stored frozen as
10mM stock solutions and diluted in ddH,O as appropriate. B-escin and PGF,, were
dissolved in methanol and ethanol, respectively, and stored frozen as 10mM stock

solutions. EGTA was dissolved in 1N NaCl as a 0.5M stock solution.

1.6. Data Analysis

Calculation and statistical analysis were performed using Graphpad Prism
(version 4.03) software. Contractile responses are expressed in mg of tension, as a
percentage of; 5 and 7 min tension produced by 40mM KCl, a control response (peak
response) produced by a given agonist, the maximum tension produced by 1mM of a
given agonist or the maximum tension produced by pCa 4.5 as appropriate. The
results are shown as mean + S.E.M and n represents the number of arteries used in
each experiment from a minimum of four separate animals. Student’s paired and
unpaired t tests and one-way (with Tukey’s comparison) or two-way analysis of
variance (ANOVA) were used to compare between groups, as applicable. P values of
<0.05 were considered to be statistically significant. Log concentration-agonist/Ca**
response curves were fitted to the Hill equation, the best fits giving values for the

ECsp and the Hill slope.
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Hill Equation:

Rmax
R=——
[1 + D/Kp]"
where
R = Response
Rmax = maximal response
D = drug concentrations
Kp = apparent dissociation constant or concentration producing 50% of the
maximal response
n = Hill coefficient
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Chapter 3:

Characterisation of UTP- and
UDP-evoked contractile
responses
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1. INTRODUCTION

The low tonic state of the pulmonary vasculature is maintained by regulatory
factors that influence the underlying activity of arterial smooth muscle (Barnes &
Liu, 1995). Purine and pyrimidine nucleotides, such as ATP, UTP and UDP, have
been shown to produce significant effects on the activity of this tissue. While ATP
acts via both P2X and P2Y receptors, UTP and UDP bind to P2Y receptors only, to
induce their effects. Activation of P2Y receptors in the endothelium-denuded
pulmonary artery can trigger vasoconstriction (Chootip et al., 2002). In contrast,
stimulation of the endothelial P2Y receptors induced relaxation of the precontracted
pulmonary artery (Konduri et al., 2004; Gui et al., 2008). At present, evidence of
P2Y subtypes expression in this vessel is relatively limited, however, Hartley et al.,
(1998) identified P2Ys mRNA in rat pulmonary artery smooth muscle. Additionally,
P2Y,, P2Y; and P2Y, mRNA were also detected in juvenile rabbit pulmonary artery
(Konduri et al., 2004). Contractile studies by Chootip et al., (2002) indicated that
UTP and UDP acted at two distinct P2Y receptors in rat SPA to evoke
vasoconstriction.

The vascular endothelium also plays a profound role in the regulation of
pulmonary vascular tone (Barnes & Liu, 1995; Sumpio et al., 2002) through the
release of vasoactive mediators. For, example, ACh has been demonstrated to trigger
the release of endothelium-derived relaxing factor or NO, via activation of
muscarinic receptors on the endothelial cells, to induce relaxation of preconstricted
pulmonary artery smooth muscle (Tseng & Mitzner, 1992; Altiere et al., 1994; Norel
et al., 1996). Likewise, both ATP (De Mey & Vanhoutte, 1982) and UTP (Gui et al.,
2008) act via endothelial P2Y receptors to induce relaxation of the pulmonary artery.
Thus, this effect can provide a useful experimental tool to assess the functional
integrity of endothelium and warrants consideration when attempting to explore the
effect of a compound on the pulmonary vascular tone.

The aim of this project was to study the intracellular pathways through which
P2Y receptor agonists induce pulmonary vasoconstriction. It was, therefore,
necessary to establish a protocol for studying P2Y receptor-mediated
vasoconstriction. This chapter describes how the initial control experiments were

performed by adding nucleotides to rat isolated SPA to characterise the basic profile
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of the tissue’s contractile responses, the influence of the endothelium and the

reproducibility of the P2Y receptor-mediated contraction.
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2. RESULTS
2.1. Effect of the Endothelium on Nucleotide-Induced Contractions

Both UTP and UDP (300uM), when applied to endothelium-intact rat SPA
initiated a slow contraction that reached its maximum amplitude within 5 min and
then decayed slowly (Figure 3.1a). The mean peak amplitudes of contractions to
UTP and UDP were 175 + 22mg (n=6) and 149 + 23mg (n=5), respectively.
Removal of endothelium, by inserting a thread through the vessel lumen, was
confirmed by contracting the tissue with an agonist and subsequently applying ACh
for 2 min after 5 min agonist addition. In the endothelium-intact vessels, ACh
induced about 50% relaxation of the contractions evoked by either UTP or UDP,
which was significantly (P<0.001) and substantially greater than in the
endothelium-denuded vessels (Figure 3.1). To ensure the ACh-induced relaxation
was not influenced by the tendency of the nucleotide-evoked contractions to decay
slowly, the control response of both nucleotides in endothelium-intact and denuded
vessels measured at peak and 7 min after agonist administration were also compared.
It showed that the mean peak contraction amplitude of the nucleotides was not
significantly different from the mean response at 7 min in both endothelium-intact
and -denuded vessels (Figure 3.2), thus any relaxation if obtained, was clearly due to
an actual effect of ACh following its addition. In contrast, the response to 40mM
KClI was unaffected by removal of endothelium (Figure 3.3), indicating the tissue’s
contractile capability had not been compromised by the endothelium-removal

protocol.

62



a) b)

10uM ACh
40mg | [
1 min
10uM ACh
‘[‘\
] ]
300uM UTP 300uM UTP

801 [ (+) endothelium
B () endothelium
g
£ 60- =
c
o —

[&]

4

o

L 401

s

[

=)

§ 20 * %% *xk
©

°

oc

0 N N

300uM UTP 300uM UDP

Figure 3.1. ACh-induced vasodilation in rat SPA. The traces show the typical
effect of 10uM ACh in a) endothelium-intact and b) endothelium-denuded tissues,
precontracted with 300uM UTP. The agonists were added as indicated by the solid
bars. ¢) The mean relaxation amplitudes induced by ACh in endothelium-intact and
-denuded vessels following UTP (n=6) and UDP (n=5) additions are shown. The
relaxations are expressed as a % of peak contraction before adding ACh, and are
shown as mean + S.E.M. ***P<(.001 for % relaxation of endothelium-intact versus
-denuded vessels for both nucleotides.
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2.2. Reproducibility of Nucleotide-Induced Contractions

In order to explore the effects of agents that interfere with signalling pathways
that may be involved in P2Y receptor-mediated contraction, it is necessary to first
determine if repeated administration of the agonist induces reproducible contractions.
When UTP and UDP (both 300uM) were added 6 times for 5 min at 30 min intervals
to endothelium-intact arteries (Figure 3.4), the contraction amplitude tended to
increase slightly over the first three additions, but there was no significant difference
in the mean amplitude of each of the six responses. Likewise, contractions evoked in
endothelium-denuded tissues show no significant change in peak amplitude over 6
separate additions. However, these responses were significantly larger than the
responses induced in the presence of an intact endothelium with P<0.05 for both
nucleotides (2-way ANOVA to compare overall responses) (Figure 3.4), or P<0.01
and <0.05 for UTP and UDP, respectively, (first response comparison) (Figure 3.5).
Overall, it is clear that 6 repeated additions of either UTP or UDP to
endothelium-intact and -denuded vessels produced a reproducible contractile
response. Since the responses in the absence of endothelium were significantly
larger, all subsequent experiments were carried out in endothelium-denuded
preparations. Furthermore, three control responses to 300uM UTP or 300uM UDP
were obtained before adding potential inhibitors. Under these conditions the mean
peak contraction amplitudes obtained in this thesis were 369 + 16mg (n=71) for UTP
and 312 = 15mg (n=65) for UDP.

2.3. Time-Course of Nucleotide-Induced Contractions

The time-course of the contractions was further studied in endothelium-denuded
vessels where both maximum responses decayed gradually. There was about 25%
reduction of peak contraction after 20 min addition of either agonist (Figure 3.6, 3.7)
until a plateau phase was reached at about 20 min after agonist administration, which

was maintained for at least another 15 min.
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Figure 3.4. Contractions of rat SPA evoked by UTP and UDP. Mean peak
contraction amplitudes evoked by adding a) UTP or b) UDP (both 300uM) for 6
times at 30 min intervals to the endothelium-intact and -denuded tissues. In both
tissues preparations, n values for UTP and UDP, are 6 and 5, respectively. Data are
expressed as mean = S.E.M. *P<0.05 for both UTP and UDP, in the absence versus
presence of intact endothelium (reproducibility and effect of endothelium data sets
by 1-way and 2-way ANOVA, respectively).
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Figure 3.6. Vasoconstriction of endothelium-denuded rat SPA evoked by
nucleotides. The traces show typical contractile responses induced by 300uM UTP
(upper tracing) and 300uM UDP (lower tracing). Solid bars and arrows indicate
application of the agonists and its time interval, respectively.
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3. DISCUSSION

The results of these control experiments clearly showed that both UTP and UDP
evoked slow contractions, which peaked within 5 min and subsequently decayed
slightly before a maintained phase was reached. By disrupting the endothelium of the
vessels, the peak contractions of both nucleotides were significantly augmented,
however the response to KCI was unaffected. Finally, both UTP and UDP evoked
highly reproducible contractile responses after 6 separate applications. Thus, these
experiments show that the protocols used are appropriate for the further studies on

P2Y receptor-mediated signalling pathways reported in the remainder of this thesis.

3.1. UTP- and UDP-Evoked Vasoconstriction of SPA, and Contribution of
Endothelium in P2Y Receptor-Mediated Contractile Responses

In this study, both nucleotides evoked a typical pattern of slowly developing
contractions that reached their peak within 5 min and was largely comparable to
previous studies (Hartley et al., 1998; Chootip et al., 2002). A slight difference
however, in the UTP-evoked contractions was noted. In the present study, the peak
responses of the vessels evoked by UTP were significantly larger in the absence
compared to presence of endothelium, while previous experiments in this laboratory
had observed no difference between both tissue preparations (Chootip et al., 2002).
The reason of such contrasting findings is unclear, although the previous study
investigated the effect of the endothelium by comparing the potency of UTP by
constructing cumulative concentration-response curves in endothelium-intact and
-denuded vessels. Thus, an increase in amplitude, with no change in agonist potency
after endothelium removal in the previous study might explain the difference from
the present findings.

This study also examined the influence of endothelium in vasoconstriction of the
rat SPA induced by P2Y receptor activation. Disruption of the endothelium led to the
augmentation of vessel’s peak contractions evoked by both UTP and UDP.
Evidently, such effect indicates the presence of an endothelium-dependent opposing
vasodilator action generated following activation of endothelial P2Y receptors by
both nucleotides. In line with this view, Konduri er al., (2004) showed that the

precontracted endothelium-intact conduit and resistance vessels of juvenile rabbit
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pulmonary artery were relaxed upon treatment with UTP and UDP, and the
vasodilator response induced by UTP was subsequently abolished following
denudation of the endothelium. Although Rubino et al., (1999) were unable to
demonstrate UTP- and UDP-evoked relaxation in the precontracted
endothelium-intact rat intrapulmonary artery, a recent study (Gui et al., 2008)
showed that both nucleotides induced a vasodilator response to the precontracted
endothelium-intact left and right rat pulmonary arteries. In addition, the contraction
amplitudes evoked by the nucleotides in this tissue were augmented after disruption
of endothelium, similarly observed in the current results and the previous study
(Chootip et al., 2002).

The involvement of endothelium to mediate vasodilation in response to P2Y
receptor agonists has also been reported in many other vessels. For example, the
precontracted endothelium-intact canine epicardial coronary artery (Matsumoto et
al., 1997), hamster (Ralevic & Burnstock, 1996) and rat (Buvinic et al., 2002)
mesenteric artery, and mouse aorta (Guns et al., 2005; Bar et al., 2008) were dilated
upon treatment with UTP and this vasodilator response was abolished following
denudation of the endothelium in the majority of cases. Equally, UDP also evoked a
relaxant effect on precontracted canine epicardial coronary artery (Matsumoto et al.,
1997), rat mesenteric artery (Buvinic et al., 2002) and mouse aorta (Guns et al.,
2005; Bar et al., 2008). Removal of the endothelium obliterated the relaxant effect

induced by UDP in rat mesenteric artery and mouse aorta.

3.2. Reproducibility of Nucleotide-Induced Contractions

The results of this study also demonstrated the reproducibility of UTP- and
UDP-evoked contractile responses upon six repeated additions in both
endothelium-intact and -denuded vessels. A slight increasing trend was observed for
the contraction amplitudes, particularly from the first to third additions for both
nucleotides, but there was no significant difference between any of the responses.
These findings are, therefore, valuable for establishing a protocol to investigate the
agents that interfere with the signalling pathways of the nucleotide-evoked responses.
Consequently, three agonist responses were first obtained before performing any

interventions. Additionally, as the endothelium plays a substantial role in modulating
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the P2Y receptor-mediated contractile responses, the experiments were also carried
out using endothelium-denuded preparations to ensure the opposing P2Y receptors

vasodilator effect were eliminated.
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Chapter 4:

Role of PI-PLC, PKC, and Rho
kinase-activated Ca**
sensitisation in nucleotide-
evoked contractile responses in
intact preparations
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1. INTRODUCTION

It is widely recognised that elevation of free [Ca®*]; via both influx of
extracellular Ca** and release of intracellular Ca®* stores plays a central role in
triggering smooth muscle contractile responses (Jiang & Stephens, 1994; Sylvester,
2004; Ratz et al., 2005; Berridge, 2008). In single, dissociated smooth muscle cells
of the rat pulmonary artery, ATP induced a transient [Ca®*]; oscillation followed by a
small, maintained [Ca2+]i (Guibert et al., 1996; Pauvert et al., 2000). The transient
[Ca2+]i oscillation was not affected by either zero extracellular Ca®* solution or the
CICR blocker, tetracaine. Similarly, in a subsequent study in rat pulmonary artery,
the release of intracellular Ca®* stores, induced by ATP was resistant to ryanodine
receptor antagonists (Zheng et al., 2005).

Another mechanism, involving Ca®* sensitisation via Rho kinase, might also
contribute to P2Y receptor-evoked pulmonary artery smooth muscle contraction. In
membrane-permeabilised rat pulmonary artery, Jernigan et al., (2004) found that
UTP-evoked vasoconstriction was independent of a change in [Ca®™];, but was
inhibited by the Rho kinase inhibitor Y27632. Likewise, the contraction of rat renal
glomeruli evoked by the P2Y agonists ADP and UTP, was abolished by Y27632
(Jankowski et al., 2003). Additionally, coupling of P2Y receptors to Rho kinase in
mediating other cellular responses has also been reported. In rat aortic smooth
muscle stimulation of P2Y receptors increased the amount of membrane-bound
RhoA and induced actin stress fiber formation that was sensitive to RhoA and Rho
kinase inhibitors, such as C3 exoenzyme and Y27632, respectively (Sauzeau et al.,
2000).

PKC might also be involved in the P2Y receptor-mediated pulmonary artery
smooth muscle contractions, although direct evidence to link such an association
remains to be established. However, other GPCR agonists have been reported to act,
at least in part, through PKC-induced Ca®* sensitisation to evoke vasoconstriction.
One possible pathway involves CPI-17-associated Ca®" sensitisation. Kitazawa et al.,
(2000) showed that phenylephrine and histamine triggered contractions of rabbit
femoral arterial smooth muscle comparable to that induced by high extracellular
[K'], but Western blotting only detected phosphorylated CPI-17 after agonist

stimulation and not after high [K*] stimulation. Reduction of the histamine-induced
g
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contraction and CPI-17 phosphorylation were seen following treatment with
GF109203X. Additionally, Li et al., (1998) have shown that at a constantly low
[Ca®];, phosphorylated, but not non-phosphorylated CPI-17, was able to induce
contraction of the B-escin-permeabilised rabbit femoral artery by more than 70%.
Another mechanism by which PKC alters [Ca2+]i to induce contraction is by the
regulation of Cay1.2 channel activity. Cobine et al., (2007) showed that PKC directly
potentiated the activity of Cayl.2 channels during active tone development of
endothelium-denuded rabbit coronary artery. In contrast, PKC also activated this ion
channel indirectly by depolarising the membrane through inhibition of voltage-gated
K" channels (Cogolludo et al., 2003).

As a protocol for studying P2Y receptor-mediated vasoconstriction was
established in the previous chapter, the studies were proceeded in this chapter to
investigate several potential signalling mechanisms that might underlie this
vasoconstriction, in particular PI-PLC, PKC and Ca’* sensitisation of contractile
proteins via Rho kinase. The involvement of PI-PLC was studied by using the
selective PI-PLC inhibitor U73122 and its inactive analogue U73343. Y27632 and
GF109203X, the inhibitors of Rho kinase and PKC, respectively, were employed to
examine the contribution of these protein kinases. Initially, the selectivity of Y27632
and potency of GF109203X were assessed against the contractile response of
pulmonary artery evoked by the PKC activator, PMA. The effects of these inhibitors
were then explored against the contractions evoked by the nucleotides. Y27632 and
GF109203X, either alone or together were added before UTP and UDP or once the

contractions had reached a steady-state.
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2. RESULTS
2.1. Involvement of PI-PLC in UTP- and UDP-evoked Contractions

Having shown that UTP and UDP both evoke reproducible contractions of the
pulmonary artery, the next set of experiments investigated the involvement of
PI-PLC in the contractions induced by these nucleotides. In the initial experiments,
preincubation for 15 min with 1pM U73122 had no effect on contractions evoked by
UTP (n=5) or UDP (n=6). This was a surprise as, at this concentration, U73122 has
been shown to inhibit contractions evoked by ET-1 in rabbit isolated basilar artery
(Kawanabe et al., 2006). Therefore, the concentration of U73122 was increased
10-fold and 10uM PGF,, was also introduced as an agonist, since it is known to
activate PI-PLC via FP receptors expressed in Xenopus oocytes and monkey kidney
COS-M6 cell lines (Abramovitz et al., 1994). Preincubation with 10uM U73122 for
30 min significantly reduced the peak amplitude of contractions evoked by UTP
(Figure 4.1), UDP (Figure 4.2) and PGF,, (Figure 4.3) by more than 50% (P<0.01
for UTP and P<0.05 for UDP and PGF,,). In contrast, the response to KCl was
unchanged (Figure 4.4). Increasing the concentration of U73122 to 30uM further
enhanced its inhibitory effect, whereby it almost abolished the peak contractions to
UTP and UDP (P<0.01 for both), and significantly reduced the PGF,,-evoked
contraction by about 75% (P<0.01). However, this concentration of U73122 also
diminished the KCI response by about 50% (P<0.01) (Figure 4.4). The vehicle for
U73122 at 30uM (DMSO - 0.6% of v/v) had no effect on KCI-induced contractions
(Figure 4.4). Comparison of the effects of U73122 showed that it inhibited the
responses to UTP, UDP and PGF,, to a similar extent, but was significantly less
effective against KCI (Figure 4.5).

In contrast, 10uM U73343 did not significantly alter the peak contractions
induced by UTP, UDP and PGF,,, but did inhibit that to KCI (P<0.001) (Figure 4.6,
4.8). Increasing the concentration of U73343 to 30uM virtually abolished the
response to KCI (P<0.001), inhibited the PGF,,-evoked contraction by over 50%
(P<0.01) and modestly reduced the responses to UTP and UDP (P<0.01 and P<0.05,
respectively) (Figure 4.7, 4.8). Neither U73122 nor U73343 at any of the

concentrations applied, induced any change of basal tone of the arteries. Thus, at
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10uM, U73122 appears to act selectively. Furthermore, the contractions evoked by
UTP, UDP and PGF;, are, at least in part, dependent upon activation of PI-PLC.
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Figure 4.1. UTP-evoked contractile response in endothelium-denuded SPA
before and after preincubation with U73122. a) The original traces from two
different preparations show superimposed contractions in response to 300uM UTP
before (black traces) and after (coloured traces) preincubation with 10 or 30uM
U73122 for 30 min. UTP was added as indicated by the solid bar. b) shows the mean
peak contraction amplitudes in response to 300uM UTP alone and with either 10 or
30uM U73122. n=5 for both groups. Data are shown as mean + S.E.M. **P<0.01 for
responses in the presence of U73122 compared with the control.
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Figure 4.2. Contractile responses evoked by UDP in endothelium-denuded SPA
before and after preincubation with U73122. a) The typical traces from two
different preparations show superimposed contractions in response to 300uM UDP
before (black traces) and after (coloured traces) preincubation with 10 or 30uM
U73122. UDP was added as indicated by the solid bar. b) shows the mean peak
amplitudes in response to 300uM UDP alone and with either 10 or 30uM U73122.
n=5 for both groups. Data are shown as mean + S.E.M. *P<0.05 and **P<0.01 for
responses in the presence of 10 and 30uM U73122, respectively, compared with the
control.
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Figure 4.3. Vasoconstriction of endothelium-denuded SPA evoked by PGF;,
before and after preincubation with U73122. a) The original traces from two
different preparations show superimposed contractions in response to 10uM PGFy,
before (black traces) and after (coloured traces) preincubation with 10 or 30uM
U73122. PGF,, was added as indicated by the solid bar. b) shows the mean peak
amplitudes in response to 10uM PGF,, alone and with either 10 or 30uM U73122.
n=5 for both groups. Data are shown as mean + S.EM. *P<0.05 and **P<0.01 for
responses in the presence of 10 and 30uM U73122, respectively, compared with the
control.
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Figure 4.4. KCl-evoked contraction in endothelium-denuded SPA before and
after preincubation with U73122. a) The typical traces from two different
preparations show superimposed contractions in response to 40mM KCI before
(black traces) and after (coloured traces) preincubation with 10 or 30uM U73122. b)
shows the mean peak amplitudes in response to 40mM KCI alone and with either
U73122 (10 or 30uM) or vehicle (DMSO — 0.6% of v/v). n=5 and 4 for U73122 and
vehicle interventions, respectively. Data are shown as mean + S.E.M. **P<0.01 for
response in the presence of 30uM U73122 versus control.
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Figure 4.5. Effect of U73122 on peak contractions induced by UTP, UDP, PGF;,
and KCl in endothelium-denuded SPA. The mean peak amplitudes of contraction
for UTP and UDP (both 300uM), 10uM PGF,, and 40mM KCl in the presence of 10
and 30uM U73122 are shown. n=5 for all data groups. Contractions are expressed as
a % of the control contraction obtained before the inhibitor was added. Data are
shown as mean + S.E.M. *P<0.05, **P<0.01 and ***P<0.001 for the effects of
U73122 against UTP, UDP and PGF,, compared with against KCI.
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Figure 4.6. Contractile responses evoked by UTP, UDP, PGF;, and KCI in
endothelium-denuded SPA before and after preincubation with U73343. The
mean peak amplitudes of contraction evoked by UTP and UDP (both 300uM), 10uM
PGF,, and 40mM KCI alone and in the presence of 10uM U73343 are shown. n=4
for all data groups. Data are expressed as mean + S.E.M. ***P<(0.001 for KCI
response in the presence of U73343 compared with the control.
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Figure 4.7. Vasoconstriction evoked by UTP, UDP, PGF,, and KCI in
endothelium-denuded SPA before and after preincubation with U73343. The
mean peak amplitudes of contraction for UTP and UDP (both 300uM), 10uM PGF,,
and 40mM KCI alone and in the presence of 30uM U73343 are shown. n=4 for all
data groups. Data are expressed as mean * S.E.M. *P<0.05, **P<0.01 and
#*4P<(0.001 for responses of UTP, UDP, PGF,, and KCl in the presence of U73343
compared with the control.
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2.2. Involvement of PKC and Rho Kinase in UTP- and UDP-Evoked
Contractions
2.2.1. Effective Concentration of GF10923X and Effect of 10uM Y27632 on PKC

The initial experiments were designed to establish an effective concentration of
the PKC inhibitor GF109203X and to determine if 10uM of the Rho kinase inhibitor
Y27632 inhibits PKC, as has been suggested previously (Eto et al., 2001; Budzyn et
al., 2006). To do so, the PKC activator PMA was used, which at 10uM induced a
very slow contraction of variable peak amplitude (range = 58 — 390mg) that in most
cases reached a peak (168 + 20mg, n=18) within 60 min (Figure 4.9a). In six of these
tissues, the time-course was further studied and the mean contraction at 90 min was
91.5 + 10.4% of that at 60 min (%o9060) (Figure 4.9b). This change was not
significant.

3uM GF109203X has previously been used to inhibit PKC (Toullec et al., 1991),
but in rat isolated pulmonary artery 10uM PMA still evoked contractions when
added 15 min after 3uM GF109203X (n=2) (Figure 4.10a). Furthermore, when 3uM
GF109203X was added once the PMA-induced contraction had reached a peak, it
rapidly caused the contraction to decline (n=3). Therefore, the concentration of
GF109203X was increased to 10uM, which abolished the contractions, whether
applied 15 min before (n=6) or 60 min after (n=6) PMA addition (Figure 4.10b).
Thus, 10uM GF109203X was used in the remainder of the study.

When 10uM Y27632 was added 15 min beforehand, 10uM PMA evoked
contractions which were 187 + 45mg (n=5) at 60 min and maintained over 90 min
(Figures 4.11, 4.12). This was not significantly different from the response to PMA
described above in the absence of Y27632. Furthermore, when 10uM Y27632 was
added 60 min after 10uM PMA application, no significant change in response
amplitude was seen over the next 30 min (Figure 4.11, 4.12). Thus, at 10uM Y27632
does not appear to inhibit PKC.
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Figure 4.9. PMA-evoked vasoconstriction of endothelium-denuded rat SPA. a)
The trace shows a typical contractile response induced by 10uM PMA added for 90
min, as indicated by the solid bar. b) The mean amplitude of contractions measured
at 60 min and 90 min following 10uM PMA addition (n=6). Data are expressed as
mean + S.E.M.
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Figure 4.10. The effect of GF109203X on PMA-evoked vasoconstriction of
endothelium-denuded rat SPA. The traces show contractions evoked by 10uM
PMA after treatment with GF109203X at a) 3uM applied for 15 min before PMA,
and b) 10uM applied for i) 15 min before or ii) 60 min after PMA. Both agonist and
inhibitor were added as indicated by the solid bars.
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Figure 4.11. The effect of Y27632 on PMA-evoked vasoconstriction of
endothelium-denuded rat SPA. The traces show contractions evoked by 10uM
PMA in the presence of 10uM Y27632 applied a) for 15 min before PMA and b) 60
min after PMA for 30 min, is shown. Both agonist and inhibitor were added as
indicated by the solid bars.
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Figure 4.12. The effect of Y27632 on contractile responses induced by PMA in
endothelium-denuded rat SPA. (a) shows the mean peak amplitudes of contraction,
expressed as a % of 40mM KCl response, evoked by 10uM PMA, without and with
15 min preincubation of 10uM Y27632. b) The mean contractile amplitude of 10uM
PMA alone and in the presence of 10uM Y27632 for 30 min applied 60 min after
PMA, expressed as a % of contractile response at 60 min are shown. n=6 for all data
groups. Data are shown as mean + S.E.M.
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2.2.2. Effects of Y27632 and GF109203X on the Peak Contraction Evoked by
Nucleotides and KCl

To determine the effect of Y27632 and GF109203X on the peak amplitude of
contractions induced by UTP and UDP, the inhibitors were preincubated individually
or in combination for 15 min prior to the addition of nucleotides. Under these
conditions, 10uM Y27632 and 10uM GF109203X both significantly reduced the
peak amplitude of contractions evoked by UTP by 18.8 + 2.5% (n=5) and 22.9 +
5.5% (n=7) (P<0.01 for both), respectively and to UDP by 31.0 + 4.9% (n=6,
P<0.05) and 49.0 £ 5.0% (n=6, P<0.01), respectively (Figure 4.13, 4.14). There was
no significant difference in the inhibitory effects of Y27632 and GF109203X against
UTP, but GF109203X was significantly more effective than Y27632 against UDP
(Figure 4.15). In both cases, the inhibitory effects were significantly larger (UTP
inhibited by 49.8 + 7.4% (n=6, P<0.05) and UDP inhibited by 75.3 + 5.0% (n=6,
P<0.01)), and approximately additive when the inhibitors were coapplied (Figure
4.14). Comparison of the effects of the inhibitors against UTP and UDP showed that
the inhibition induced by Y27632, GF109203X or Y27632 and GF109203X, was in
each case significantly greater against contractions induced by UDP compared with
UTP (Figure 4.15) (P<0.05 for all). Thus, Rho kinase and PKC both appear to be
involved in the peak of UTP- and UDP-evoked contractions and they act in an
additive manner.

The effects of Y27632 and GF109203X (10uM for both) were further explored
against the contractions induced by 40mM KCIl. When preincubated for 15 min,
Y27632 significantly reduced the KCl-evoked contraction by 18.6 = 2.1% (n=8,
P<0.001) (Figure 4.16). GF109203X also significantly reduced the contractions by
65.8 = 8.2% (n=5, P<0.001) and this was a significantly greater effect than Y27632
(P<0.001). Coapplication of Y27632 and GF109203X inhibited the response to KC1
by 78.1 = 6.1% (n=5, P<0.001) and whilst this was significantly greater than the
response to Y27632 alone (P<0.001), it was not significantly different from the
inhibition induced by GF109203X alone. Thus, both Rho kinase and PKC appear to

play a role in the peak of KCl-induced contractions, but in a non-additive manner.
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Figure 4.13. Effects of Y27632 and GF109203X on peak contractions evoked by
UDP in endothelium-denuded rat SPA. Superimposed traces of contractions
evoked by 300uM UDP produced before (black) and after (coloured) 15 min
preincubation of a) 10uM Y27632, b) 10uM GF109203X and c) Y27632 +
GF109203X (both 10uM). UDP and the inhibitors were added as indicated by the
respective black solid bars and arrows.

93



a) M 3o0um uTP

+ 10uM Y27632

+ 10uM GF109203X

B + Y27632 + GF109203X (both 10uM)

6001

400+

**

**

2001

Peak contraction amplitude (mg)

&k

C ——
b
: 600 [ 300um upDP
_ + 10uM Y27632
£ + 10uM GF109203X
° B + 27632 + GF109203X (both 10uM)
o =
= 4001 L
E —
[1+]
c
S .
B
S
*g 2004
o * %%
-
3 e
o
0

Figure 4.14. Effects of Y27632 and GF109203X on peak contractions evoked by
UTP and UDP in endothelium-denuded rat SPA. The mean peak contraction
amplitude of a) UTP and b) UDP (300uM for both) before and after 15 min
preincubation with Y27632 and GF109203X (both 10uM), individually or in
combination. n=5, 7 and 6 for Y27632, GF109203X and Y27632 + GF109203X,
respectively, against UTP, and n=6 for all UDP data groups. Data are expressed as
mean = S.E.M. *P<0.05, **P<0.01 and ***P<0.001 for the treated groups versus
control.
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Figure 4.15. Effects of Y27632 and GF109203X on peak contractions evoked by
UTP and UDP in endothelium-denuded rat SPA. The mean peak contraction
amplitude to UTP and UDP (both 300uM) following 15 min preincubation of
Y27632 and GF109203X (both 10uM), individually or in combination. n=5, 7 and 6
for Y27632, GF109203X and Y27632 + GF109203X, respectively, against UTP and
n=6 for all UDP treated groups. Contractions are expressed as a % of the control
contraction obtained before the inhibitors were added. Data are shown as mean +
S.E.M. *P<0.05 for treatment with either inhibitor alone or in combination against
UTP compared with against UDP.
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Figure 4.16. Effects of Y27632 and GF109203X on KCl-evoked contractions of
endothelium-denuded rat SPA. The mean peak contraction amplitude of 40mM
KClI before and after 15 min preincubation with Y27632 and GF109203X (both
10uM), individually or in combination. n=9 and 5 for Y27632 and GF109203X and
Y27632 + GF109203X, respectively, against KCI. Data are shown as mean + S.E.M.
*#%P<0.001 for treated groups versus control.
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2.2.3. Effects of Y27632 and GF109203X on the Nucleotide-Evoked Sustained
Contractions

The previous experiments showed that Rho kinase and PKC both contribute to
the peak of the contractions induced by UTP and UDP. The aim of the next
experiments was to determine if they also play a role in the subsequent plateau phase
of the nucleotide-evoked contractions. To do so, the inhibitors were applied for 15
min once the nucleotide-evoked contractions had reached the plateau phase, i.e. at 20
min after adding the nucleotides (Figure 4.17). This plateau phase was maintained in
the continued presence of agonist alone for at least another 15 min (Figure 3.6, 3.7 in
chapter 3). Both 10uM Y27632 and 10uM GF109203X significantly diminished the
plateau responses evoked by UTP by 18.2 + 3.4% (n=6, P<0.01) and 35.0 + 4.6%
(n=8, P<0.001), respectively, and by UDP by 16.1 + 1.4% (n=6, P<0.001) and 29.8 +
5.5% (n=5, P<0.05), respectively (Figure 4.18). Additionally, coapplication of the
inhibitors depressed the response to UTP by 38.3 + 8.1% (n=7), which was not
significantly different from the effect of either inhibitor applied on its own (Figure
4.17, 4.18). In contrast, the effect of coadministration against the contractions evoked
by UDP (48.7 = 9.0% inhibition, (n=6)) was significantly greater than that of
Y27632 (P<0.05), though not GF109203X alone (Figure 4.17, 4.18). Interestingly,
there was no significant difference in the effects of the inhibitors against UTP
compared with against UDP, either when the inhibitors were applied on their own or
together. Thus Rho kinase and PKC both appear to contribute to the plateau phase of
UTP- and UDP-evoked contractions, but an additive effect was only seen for the

UDP-evoked response.
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Figure 4.17. Effects of Y27632 and GF109203X on sustained contractions
evoked by UTP in endothelium-denuded rat SPA. Superimposed traces obtained
from the same tissues before (black) and after (coloured) adding a) 10uM Y27632, b)
10uM GF109203X or c) both together, once the contractions evoked by 300uM UTP
had reached the plateau phase, i.e. 20 min after adding agonist. UTP and the
inhibitors were added as indicated by the black solid bars and the black arrows,
respectively.
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Figure 4.18. Effects of Y27632 and GF109203X on sustained contractions
evoked by UTP and UDP in endothelium-denuded rat SPA. The mean sustained
contractions after adding both inhibitors (10uM), alone or together once the
contractions evoked by a) UTP or b) UDP (both 300uM) had reached the plateau
phase. n=6, 8 and 7 for Y27632, GF109203X and Y27632 + GF109203X,
respectively, against UTP, and n=5 and 6 for GF109203X and Y27632 and Y27632
+ GF109203X, respectively, against UDP. Data are shown as mean + S.E.M.
*P<0.05, **P<0.01 and ***P<0.001 for treated groups versus control.
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Figure 4.19. Effects of Y27632 and GF109203X on sustained contractions
evoked by UTP and UDP in endothelium-denuded rat SPA. The mean resultant
sustained contraction amplitude to UTP and UDP (both 300uM) following addition
of the inhibitors (10uM), individually or both together, once the contractions had
reached the plateau phase, i.e. 20 min after adding agonist. n=6, 8 and 7 for Y27632,
GF109203X and GF109203X + Y27632, respectively, against UTP, and n=5 and 6
GF109203X and Y27632 and GF109203X + Y27632, respectively, against UDP.
Contractions are expressed as % of the control amplitude obtained before the
inhibitors were added. Data are shown as mean + S.E.M.
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3. DISCUSSION

The results of this study show that the peak responses evoked by UTP and UDP
were significantly reduced after preincubation with the selective PI-PLC inhibitor
U73122 at a concentration (10uM) that had no effect on KCl-induced contractions,
but unaffected by its inactive analogue U73343 at the same concentration. In
addition, both preincubation and post-addition of the Rho kinase inhibitor Y27632
and the PKC inhibitor GF109203X also resulted in a significant reduction of the
nucleotide-evoked contractions. While no effect was observed with Y27632
intervention, GF109203X abolished the PMA-evoked contractions. Thus, these data
indicate that UTP and UDP evoked contractions of rat SPA that are dependent upon
PI-PLC, Rho kinase and PKC, and that Rho kinase and PKC are involved in both the

peak contraction and the plateau phase.

3.1. Role of PI-PLC in Contractions Evoked by UTP and UDP

At 10uM U73122, but not its inactive analogue U73343, inhibited contractile
responses evoked by UTP, UDP and PGF,, by over 50%, but had no effect on the
response to KCl. Increasing the concentration of U73122 to 30uM produced further
inhibition of the contractions, however, non-selective activity might be suspected, as
a significant attenuation of the KCI response was now seen. KCI induces contraction
of smooth muscle independently of PI-PLC by inducing membrane depolarisation
and subsequent Ca** entry via voltage-gated Ca®* channels (Nelson et al., 1988).
Moreover, 30uM U73343 also suppressed the action of all 4 agonists. Thus, at
10uM, but not 30uM, U73122 appears to selectively inhibit PI-PLC. These findings
indicate for the first time a major role for PI-PLC in the development of P2Y
receptor-mediated contractions in rat SPA. This is consistent with the UTP- and
UDP-sensitive P2Y», P2Y,4 and P2Ys receptors coupling to Gy11 (Abbracchio et al.,
2006; see also Table 1.3 in Chapter 1). Inhibition of P2Y receptor-mediated effects
by U73122 has previously been reported in various tissues and cell types, including
human coronary artery smooth muscle (Strgbaek et al., 1996), mouse ventricular
myocytes (Yamamoto et al., 2007) and astrocytes (Weng et al., 2008).

PGF,, was also used to evoke contractions in this part of the study as it is known

to act via PI-PLC (Abramovitz et al., 1994) and U73122 depressed the response to
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PGF,, to a similar extent as UTP and UDP. Indeed, this inhibitor has also been used
to establish the possible involvement of PI-PLC in the activities of rat SPA induced
by other agonists, including sphingosylphosphorylcholine (SPC)-induced
potentiation of KCl-evoked contractions (Snetkov et al., 2008) and inhibition of
voltage-gated K* currents by ET-1 (Shimoda et al., 1998) and 5-HT (Cogolludo et
al., 2006).

3.2. Involvement of PKC and Rho Kinase in UTP- and UDP-Evoked
Contractions
3.2.1. Effective Concentration of GF10923X and Effect of 10uM Y27632 on PKC

In this study, preliminary experiments to determine an effective concentration of
the PKC inhibitor GF109203X found that contractions evoked by the PKC activator
PMA were abolished by GF109203X at 10uM, but not 3uM. 3uM was initially used
based on a previous study (Toullec et al., 1991), where at this concentration
GF109203X abolished the PKC-mediated phosphorylation of the protein P47
(plekstrin), evoked by the membrane permeant diacylglycerol analog diCg in human
platelets. However, 3uM GF109203X was clearly not quite effective in the present
study and so 10uM GF109203X was instead used to elucidate the extent of PKC
contribution to the P2Y receptor-mediated contractions.

The current study also found that 10uM Y27632 did not alter contractile
responses evoked by PMA. This is consistent with a previous report that 10uM
Y27632 did not affect the cumulative concentration response curve to PMA
generated in the permeabilised rat SPA (Jernigan et al., 2004). Moreover, a study
using purified PKC also showed that 10uM Y27632 did not inhibit activated PKC
(Davies et al., 2000). Thus, Y27632 at 10uM is highly selective for Rho kinase over
PKC and hence, Y27632 at this concentration was used to establish any involvement

of Rho kinase in the P2Y receptor-mediated contraction.

3.2.2. Role of Rho Kinase and PKC in P2Y Receptor-Mediated Contractions
A reduction of the peak contractions to UTP and UDP by about 20% and 30%,
respectively, and of the plateau phase by about 20% by Y27632 observed in the

current findings indicates a role for Rho kinase in both the peak and plateau phase of
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P2Y receptor-mediated vasoconstriction of rat pulmonary artery. The present
observation is consistent with a previous report (Jernigan et al., 2004) in membrane-
permeabilised preparations of rat pulmonary artery, showing virtual abolition of
UTP-evoked vasoconstriction by Y27632.

Stimulation of receptor coupling to Ga.2/13 induces the formation of RhoA/GTP
complex (Buhl et al., 1995; Somlyo & Somlyo, 2000; Suzuki et al., 2003, 2009),
which then translocates to the plasma membrane before activating Rho kinase
(Somlyo & Somylo, 2000, 2003). Activation of Rho kinase subsequently
phosphorylates MYPT1, the regulatory subunit of MLCP, and inhibits this
phosphatase dephosphorylating MLC, leading to increased contraction without a rise
in [Ca®*]; (Somlyo & Somlyo, 2000). P2Y receptors are generally known to couple to
Gag11 (Filtz et al., 1994; Abbracchio et al., 2006), but coupling to other G protein
subtypes, particularly Ga,,/13, had also been shown (Abbracchio et al., 2006; Nishida
et al., 2008). Moreover, although RhoA activation following stimulation of a
receptor is mainly mediated by Ga,z/13, as mentioned above, the involvement of
Gag11 1n this process had also been demonstrated (Booden et al., 2002; Vogt et al.,
2003). Sauzeau et al., (2000) showed that stimulation of P2Y receptors in rat aortic
smooth muscle increased the amount of membrane-bound RhoA and induced actin
stress fiber formation that was sensitive to RhoA and Rho kinase inhibitors, such as
C3 exoenzyme and Y27632, respectively. The above mechanism is also compatible
with the observation whereby the activation of Rho kinase induced by ET-1 in
normal and chronic hypoxic rat SPA was correlated with the MYPT-1
phosphorylation and vasoconstriction independent of change in [Ca®*]; (Jernigan et
al., 2008). Furthermore, Tsai & Jiang, (2006) also demonstrated that the
phenylephirine- and U46619-evoked contractions of rat tail artery were associated
with MYPT1 and MLC phosphorylation. The contractile responses together with
phosphorylation of the proteins were inhibited by Y27632. Rho kinase also appears
to be involved in vasoconstriction of rat SPA by other agonists, including
phenylephrine (Damron et al., 2002) and SPC (Thomas et al., 2005).

The current study showed that GF109203X also induced inhibition of
contractions evoked by UTP and UDP by about 20% and 50%, respectively for the

peak contraction and by about 30% for the plateau phase contractions to both
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nucleotides, which indicates a role for PKC in P2Y receptor-mediated
vasoconstriction. Stimulation of P2Y receptors can be assumed to activate PKC as
the present results have indicated a clear association of the receptors with PI-PLC,
the enzyme that hydrolyses PIP, to generate DAG, which then activates PKC.
Several possible mechanisms could involve linking the activation of PKC with
vasoconstriction of SPA. PKC could regulate the activity of Cayl.2 channel.
Savineau et al., (1991) demonstrated that vasoconstriction of rat pulmonary artery
induced by the PKC activator PDB was enhanced and inhibited by the Cayl.2
channel agonist (Bay K 8644) and antagonist (verapamil), respectively. PKC also
potentiated the activity of Cayl.2 channels during the active tone development of
endothelium-denuded rabbit coronary artery (Cobine et al., 2007). Furthermore, the
constitutively active Cayl.2 channel in rat cerebral artery cells, which leads to
sustained high Ca®" influx (Ca®" sparklets) was highly dependent on the activity of
PKC (Navedo et al., 2005). Interestingly, PKC may also affect this ion channel
indirectly by depolarising the membrane via inhibition of voltage-gated K* channels
(Cogolludo et al., 2003). In addition, PKC could act independently of changes in
[Ca®*]; by inducing CPI-17-associated Ca®* sensitisation. At a constantly low [Ca**];,
phosphorylated, but not non-phosphorylated CPI-17 induced contraction of the
B-escin-permeabilised rabbit femoral artery by more than 70% (Li et al., 1998). An
increase of phosphorylated CPI-17 was detected in rabbit femoral artery exposed to
phenylephrine and histamine, but not to high K" concentration, although all the
interventions induced a comparable contractile response (Kitazawa et al., 2000). To
study direct and indirect increases in Ca®* influx via Cayl.2 channels
electrophysiological and Ca* imaging techniques could be used, but they were
outwith the scope of this thesis. However, the potential involvement of
Ca’*-sensitisation via PKC will be reported in a later chapter using
membrane-permeabilised preparations.

The effect of adding Y27632 and GF109203X together was also investigated to
determine whether these compounds act through similar or separate signalling
mechanisms, and this treatment produced an additive inhibitory effect in the
development of the peak of both UTP- and UDP-evoked contractions, while an

additive effect was only observed in the sustained phase of the UDP-evoked
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contractions. This indicates that Rho kinase and PKC contribute via separate
signalling pathways to the peak contractile responses evoked by the nucleotides and
the UDP-evoked sustained phase of contractions. In contrast, in the sustained
contractions evoked by UTP, the Rho kinase-mediated pathway appears to converge
with part of the downstream mechanism of PKC. The converging mechanism
between Rho kinase and PKC could possibly be via inhibition of MLCP (Li et al.,
1998; Somlyo & Somlyo, 2003), however, the results in the subsequent
permeabilised tissue experiment (Chapter 6) do not support such possibility.
Alternatively, it cannot be ruled out that the inhibitors, especially GF109203X may
have nonspecific activity at the concentration used in the current study (Davis et al.,
2000) and could inhibit other kinases which are responsible for the generation of
contractions. This can be investigated by employing a biochemical technique, such as
Western blotting, to monitor the association between inhibition of PKC activity at
various concentrations of GF109203X and the effect to the contractile response.
Interestingly, Y27632 and GF109203X added alone or together had nearly a two-fold
greater effect against the peak contractions evoked by UDP compared to UTP,
indicating a more prominent role of both Rho kinase and PKC in the development of
peak contraction evoked by UDP. Since UDP is a potent agonist at P2Y receptors
(Chang et al., 1995; Chen et al., 1996; Nicholas et al., 1996), this implies that the
P2Y receptor-mediated signalling mechanism is more dependent on Rho kinase and
PKC compared to the signalling mechanisms mediated by other UTP-sensitive P2Y

receptors known to exist in pulmonary artery smooth muscle.

3.2.3. Role of Rho Kinase and PKC in KCI-Induced Contractions

The present study also found that both Y27632 and GF109203X, when added
alone or together diminished the contractions induced by KCI. As KCI acts via
receptor-independent mechanisms to evoke vasoconstriction, this might seem to
imply non-selective effects of these inhibitors. However, a recent review (Ratz et al.,
2005) highlights the association of KCI contractions and Ca** sensitisation. In
several tissues Y27632 substantially inhibited contractions induced by KCI, but
without altering the rise in cytoplasmic [Ca®*] (Mita et al., 2002; Urban et al., 2003).
Urban et al., (2003) further revealed that the KCl-induced response was associated
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with the induction of Rho kinase translocation from the cytosol to the cell periphery,
i.e. caveolae, and was dependent on Ca”**. Ca**-dependent activation of Rho kinase
was also implicated in KCl-induced contraction of rabbit thoracic aorta with the
upstream mechanism involving the activation of calmodulin and Ca®*/calmodulin-
dependent protein kinase-II to induce the formation of the Rho-GTP complex
(Sakurada er al., 2003). Furthermore, Ca**-independent phospholipase A, can also
mediate Rho kinase activation and contribute to KCl-induced contractions of rabbit
femoral and renal arteries (Ratz et al., 2009).

In contrast, Ratz et al., (2005) reported that the involvement of PKC is minimal,
if not absent, in the responses induced by KCIl. However, their more recent papers
did show a role for an atypical PKC isoform, PKC{, in the KCl-induced
vasoconstriction of rabbit femoral and renal arteries (Ratz & Miner, 2009; Ratz et al.,
2009). The contractions of aorta and mesenteric arteries induced by KCl were also
inhibited by PKC inhibitor Ro 31-8220 (Budzyn et al., 2006). Thus, PKC does
appear to play a role in KCl-induced vasoconstriction in some arteries at least.
Possible mechanisms include potentiation of Cayl.2 currents, such that in the
presence of GF109203X, the opening of Cayl.2 channels by KCI might have been
less due to the lack of potentiation by PKC, as a consequence of inhibition of
constitutively active PKC. Under these conditions, Ca*" influx would be less. Patch
clamp electrophysiology and Ca** imaging would be appropriate techniques with
which to investigate these possibilities.

In summary, the findings in this chapter show for the first time that the activation
of P2Y receptors leads to activation of PI-PLC, Rho Kinase and PKC, all of which
play an important role in the pulmonary artery vasoconstriction. The response to KC1
also involved Rho kinase and PKC. Both Rho kinase and PKC could potentially be
acting to induce Ca2+—sensitisation, but the techniques used thus far cannot
conclusively establish such an association. Therefore, to address this issue, a
membrane permeabilisation technique was used next that enabled to study Ca®*

sensitisation directly.
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Chapter 5:

Establishing the optimum
conditions for the
permeabilisation protocol
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1. INTRODUCTION

The role of Ca®* in vasoconstriction can be investigated by employing two main
techniques; a) fluorescent imaging with Ca**-sensitive dyes, e.g. fura 2, that enables
quantification of [Ca**]; in an intact tissue, and b) permeabilising the smooth muscle
cell membrane to allow tight control of [Ca®*];. One advantage of the first technique
is that it can achieve a high accuracy of [Ca2+]i measurement, while causing minimal
disruption to the structure and function of smooth muscle cells (Sato et al., 1988;
Somlyo & Himpens, 1989). However, it cannot be used to control [Ca**];. In order to
do so, the permeabilisation technique must be used. In the early stage of its
development, this technique used quite aggressive permeabilising compounds, such
as saponin, to extensively disrupt the cell membrane, leaving the intracellular
compartment readily accessible for clamping the global [Ca**]; at a desired level
(Horiuti, 1986). Although the regulatory/contractile machinery was still functional
there was considerable disruption of receptor/G-protein coupling (Itoh et al., 1983;
Kitazawa et al., 1991). However, the subsequent introduction of a saponin derivative,
B-escin, and ionophore compounds, such as ionomycin and a-toxin (lizuka et al.,
1994; Evans et al., 1999; Jernigan et al., 2004), significantly improved the technique.
Not only do these compounds create relatively small pores that allow access to low
molecular weight solutes, such as ATP, they have much less effect on
receptor/G-protein coupling.

Permeabilisaton of the pulmonary artery preparation has routinely been studied at
26°C (Thomas et al., 2005; Snetkov et al., 2006), but successful experiments at room
temperature (Crichton et al., 1997), 24°C (Evans et al., 1999), 25°C (Himpens et al.,
1990) and 37°C (Jernigan et al., 2004, 2008) have also been reported. Most of these
studies had used a-toxin as the permeabilising agent, at concentrations ranging from
60ug/mL to 2mg/mL. Interestingly, Evans et al., (1999) attempted to permeabilise
the rat pulmonary artery using B-escin, but found that the preparation suffered a
severe rundown of agonist response after 30 min. This was not improved even after
preincubating the tissue with added calmodulin and GTP. This study also recorded a
maximum response of about 0.28mN (~30mg) to Ca** at pCa 4.5 when the tissue was
permeabilised with 120pg/mL a-toxin. This response was surprisingly much smaller

than would be expected in this tissue. For example, as already indicated in this thesis

108



in a similar tissue preparation, 40mM KCl typically evokes a contraction of about 4 —
SmN. Furthermore, pulmonary artery from a different rat strain produced about
13.6mN tension (~33% of 80mM KCl-evoked response) when challenged with pCa
4.5 following a-toxin permeabilisation at 60ug/mL (Thomas et al., 2005). Thus,
these findings show the considerable impact that the type and concentration of
permeabilising compound used can have on the outcome of the permeabilisation
procedure.

As mentioned above, the pores created to allow Ca®* movement across the
membrane following permeabilisation are also large enough to permit other small
compounds, notably ATP, to pass through them. As a common compensatory
measure, ATP is added to the permeabilising buffer at millimolar concentrations, to
ensure an adequate supply of this high energy molecule to the smooth muscle
throughout the experiment. However, addition of millimolar ATP is problematic as it
can activate P2X and P2Y receptors present in many preparations, including rat
pulmonary artery (Chootip et al., 2002).

Evidently, the permeabilisation technique can be quite challenging to execute
successfully because it involves an assault on the cell membrane, and yet the normal
cellular functions need to be preserved. However, with a carefully planned protocol,
the interference to normal cellular functions can be kept to a minimum. The aim of
this part of my studies was, therefore, to establish the optimum conditions for the
permeabilisation of rat SPA in order to subsequently study the role of Ca**
sensitisation in P2Y receptor-mediated contractions of rat SPA. The following key
issues were explored; 1) effect of temperature on the contractile activity of the intact
rat SPA, 2) preparation of permeabilising solution at various free [Ca2+], 3)
effectiveness of the permeabilising agents, B-escin and o-toxin, and reproducibility of
contractions of the permeabilised tissue and 4) the requirement for ATP in the

permeabilisation solution.

109



2. RESULTS
2.1. Effect of Temperature on the Contractile Activity of Intact Rat SPA

In order to determine if changing the temperature alters the responsiveness of rat
SPA, contractions were evoked at tissue bath temperatures of 37°C, 30°C and 26°C.
It was immediately noticeable that the nucleotide-evoked contractions developed
more slowly as the temperature decreased, particularly at 100uM and above (Figure
5.1). The average time from adding 100uM UTP and UDP to the development of
peak contractions to 1mM was about 13, 18 and 30 min at 37°C, 30°C and 26°C,
respectively (n=12 for UTP at 37°C, n=11 for UDP at 37°C, n=10 for both UTP and
UDP at 30°C and 26°C).

UTP and UDP evoked concentration-dependent vasoconstriction at 37°C, but the
cumulative concentration-response curves did not reach a maximum (Figure 5.1,
5.2a), and so ECsg values could not be determined. Therefore, the concentration of
nucleotides that induced a contraction that was 50% of the maximum response
evoked by ImM agonist (ECsomax) Was used to compare the potency of the
nucleotides. The cumulative concentration-response curves were then repeated two
more times, at 30 min intervals.

For UTP-evoked contractile responses, the ECsomax Of the first cumulative
concentration-response curve was comparable with that for the second curve, but was
significantly smaller than the third curve value (P<0.01) (Table 5.1). Lowering the
temperature to 30°C did not change the potency pattern of repeated administration, as
once again UTP was significantly less potent on the third addition compared with the
first (P<0.01). When the temperature was further decreased to 26°C there was no
significant difference in the ECsomax values for all the three UTP concentration-
response curves. When comparing the responses between the above temperatures,
UTP was slightly, but significantly less potent on first addition at 26°C compared
with 37°C and 30°C (P<0.05 for both). However, UTP showed no difference in
potency on second addition at each temperature, nor on third addition.

For UDP-evoked contractile responses, the ECsomax Of the first cumulative
concentration-response curve was comparable with that for the second curve, but was
significantly smaller than the third curve value (P<0.05) (Table 5.1). When the

temperature was decreased to 30°C there was no change of the potency pattern of
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repeated administration as once again UDP was significantly less potent on the third
addition compared with the first (P<0.01). Lowering the temperature further to 26°C
did not induce any significant difference in the ECsomax values for all the three UDP
concentration-response curves. When comparing the responses between the
temperatures, UDP was slightly, but significantly less potent on first addition at 26°C
compared with 37°C (P<0.05) and 30°C (P<0.01), whereas it was more potent on the
third addition at 26°C compared with 37°C (P<0.05). However, UDP showed no
difference in potency on second addition at each temperature.

In order to determine if lowering the temperature affected response size, the
amplitude of contraction produced by 300uM of UTP and UDP in each concentration
response curve was compared (Figure 5.3a, b). For either nucleotide there were no
significant differences in response amplitude at each temperature.

The contraction evoked by 40mM KCI, obtained 30 min after completing the
third nucleotide cumulative-concentration response curve, and was found to be
significantly larger at 5, 6, 7 and 8 min at 37°C (n=23) than at 26°C (P<0.001 for 5
and 6 min, P<0.01 for 7 and 8 min, n=20) and 30°C (P<0.01 for 5 and 6 min, and
P<0.05 for 7 and 8 min, n=20) (Figure 5.3¢c). Additionally, the contractions at 26°C
and 30°C at 8 min were similar compared to the contractions at 37°C at 5 min. Thus,

it showed that the response of KCI was affected by lowering the temperature.
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Figure 5.1. Vasoconstriction of endothelium-denuded rat SPA to UTP. The
traces of the 2" concentration-response curve at a) 37°C, b) 30°C and c) 26°C,
obtained from different tissues, are shown. The arrow (red) and the number next to it
indicate the time-point and concentrations in uM of UTP additions, respectively.
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Figure 5.2. Contractile responses of endothelium-denuded rat SPA to
nucleotides. Cumulative concentration-response curves at a) 37°C, b) 30°C and c)
26°C, evoked by i) UTP and ii) UDP (1uM — 1mM for both), expressed as % of the
response to 1mM of the respective nucleotide of the first curve. Three curves were
produced in every case, as shown by (o), (¥) and (A) for 1%, 2" and 3" response,
respectively. n=12 for UTP at 37°C, n=11 UDP at 37°C and n=10 for the rest of the
data groups. Each point indicates mean + S.E.M.
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Table S5.1. The potency of nucleotides in inducing contractions of
endothelium-denuded rat SPA.

Temp UTP response UDP response

/C 1 2 3 n 1 2 3 n

37 160 232 274 5 178 256 320"
(120-199) (187 —-277) (218 —330) (122 -234) (178 —=333) (221 -419)

30 153 207 208%% 19 147 191 259" 1o
(108 —198) (142 -272) (205 -392) (127 -166) (158 — 225) (189 —329)

26 255%¢ 257 273 10 255°% 223 201" 10
(176 —334) (189 —326) (207 —340) (216 —-294) (178 —=269) (158 —243)

Values shown are ECspmax With 95% confidence limits (uM) for contractions evoked
by UTP and UDP in the endothelium-denuded rat pulmonary artery. n values for
each temperature are shown in the individual n column of each nucleotide.

#4P<0.01 for UTP ECsomax of 3™ response versus 1™ response at both 30°C and 37°C;
?P<0.05 and *P<0.05 for UTP ECsmax of 1% response at 26°C versus 30°C and 37°C,
respectively;

“P<0.05 and “P<0.01 for UDP ECsomax of 3™ response versus 1% response at 37°C
and 30°C, respectively;

PP<0.05 and *'P<0.01 for UDP ECsomsx of 1™ response at 26°C versus 37°C and
30°C, respectively;

*P<0.05 for UDP ECsomax of 3" response at 26°C versus 37°C.
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Figure 5.3. Vasoconstriction of endothelium-denuded rat SPA evoked by UTP,
UDP and KCL Mean peak contractile responses evoked by a) 300uM UTP and b)
300uM UDP, extracted from the cumulative concentration-response curves of the
nucleotides, and ¢) 40mM KCl at 37°C, 30°C and 26°C. n=12 for UTP at 37°C, n=11
UDP at 37°C, n=23 for KCl at 37°C, n=20 for KCI at 26°C and 30°C, and n=10 for
the rest of the data groups. Data are expressed as mean + S.E.M. *P<0.05, **P<0.01,
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2.2. Effectiveness of Permeabilising Agents
2.2.1. p-Escin

Initially, permeabilisation experiments were carried out at 37°C. The
effectiveness of B-escin to permeabilise the rat SPA was investigated by varying its
concentration as it has been shown to have a concentration-dependent effect (Iizuka
et al., 1994). In two initial experiments SOuM B-escin was used, a concentration that
has previously been reported to be effective in rat SPA (Evans et al., 1999). As
shown in Figure 5.5, the intact tissue was first challenged with 40mM KCI (response
= 455mg) and cumulative addition of UTP (or UDP in the other case) before
permeabilisation was carried out. The three concentrations of UTP (0.1, 0.3 and
1.0mM) evoked contractions of 136mg, 243mg and 547mg peak amplitude,
respectively. During the permeabilising phase at pCa 4.5, a slowly developing
contraction was seen that reached a peak of 107% of the KCI response after ~30 min,
followed by a further 12% increase after adding 1mM ATP. From this point on, ATP
was present in the buffer throughout the experiment. Upon several washes with
buffer at pCa 9.0, the tissue underwent a slow relaxation and the tone returned to
approximately the basal level prior to permeabilisation. Increasing the free [Ca®*] to
pCa 6.5 and then pCa 4.5 induced peak contractions of 6% and 10% of the KCI
response, respectively. After the tissue was washed with free [Ca®*] at pCa 9.0, the
free [Ca™"] was raised again to pCa 6.5, which induced a contraction of 5% of the
KCl response. 300uM UTP was then added and evoked a peak contraction that was
about 10% of its response prior to permeabilisation. A similar pattern of responses
was seen in the other tissue and UDP evoked vasoconstriction of ~10% of its
response before permeabilisation. Thus, the tissue showed low sensitivity to Ca** and
the nucleotides after permeabilisation with S0uM B-escin.

Next, the concentration of B-escin was reduced to 20uM and when applied to a
tissue it evoked a contraction that was 60% of the KCI response, and which was
augmented by a further 39% after ImM ATP application (Figure 5.5b). After several
washes with free [Ca**] at pCa 9.0, a subsequent challenge with pCa 6.5 and pCa 4.5
evoked peak contractions of 15% and an additional 5% of the KCI response,
respectively. At pCa 6.5, the tissue induced a contraction of 7% of the KCI response

and addition of UDP evoked a further contraction that was equivalent to
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approximately 10% of the response to 300uM UDP before permeabilisation. Thus,
once again the permeabilised tissues showed low sensitivity to Ca®* and the
nucleotides, even though a lower concentration of B-escin was used.

Finally, the concentration of B-escin was lowered to SuM. In addition, ATP was
not applied to the permeabilised tissue in order to investigate whether coapplication
of this P2Y receptor agonist contributed to the weak responses to UTP and UDP.
Application of SuM -escin evoked a contraction of about 20% of the KCI response
(100% = 230mg), which slowly returned to basal level after several washes with
buffer at pCa 9.0 (Figure 5.5¢). Increasing [Ca**] from pCa 7.5 to pCa 2.0 failed to
induce any response, however, addition of 300uM UDP buffered at pCa 4.5 evoked a
contraction of about 60% of the response to the same concentration applied before
B-escin treatment. Thus, overall, B-escin at 50 and 20uM fully permeabilised the rat
SPA, whereas incomplete permeabilisation was suspected when the [-escin
concentration was reduced to SuM. However, it was apparent that the vessels
permeabilised by both 50 and 20uM B-escin generated only weak responses to
elevated free [Ca®*] and P2Y agonists.

Some of the previous permeabilisation studies were carried out at 30°C (Masuo
et al., 1994; Li et al., 1998; Kitazawa et al., 1999), therefore, the B-escin experiments
were further carried out at this temperature. However, in 5 tissues the overall pattern
of response was the same as that reported above at 37°C. Following permeabilisation
with 50 or 20uM -escin, increasing from pCa 9.0 to pCa 4.5 induced a contraction
that was only 23% of the response to KCI before permeabilisation (n=2). Likewise,
responses to UTP and UDP were 4% (n=1) and 8% (n=2), respectively, of their
corresponding responses before permeabilisation. Given the total lack of
improvement in the responseness of the permeabilised tissues at 30°C compared to
37°C, the studies with B-escin were terminated without further lowering the

temperature to 26°C and instead the effects of a-toxin were investigated.
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Figure 5.4. Effect of varying [B-escin] on the contractions evoked by cumulative
free [Ca“] additions and nucleotides in endothelium-denuded rat SPA following
permeabilisation. The original traces show the initial vasoconstriction of rat SPA to
40mM KCI and UTP or UDP (0.1 — 1.0mM for both) in its intact tissue, and the
subsequent responses to cumulative additions of free [Ca**] and UTP or UDP
(300uM for both) following permeabilisation with -escin at a) SOuM, b) 20uM and
¢) SuM. PSS was replaced by permeabilising buffer before adding B-escin, as shown
by the black arrow. Only the tissue permeabilised by SuM B-escin was bathed in PSS
throughout the experiment. Addition of agonists and B-escin, and free [Ca®*] and
ATP, are indicated by the thick and thin black solid bars, respectively.
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2.2.2. a-Toxin

Permeabilisation of the rat SPA with a-toxin was studied in two preparations
initially using 50pg/mL, similar to that used previously to permeabilise rat
pulmonary arteries (Thomas et al., 2005; Snetkov et al., 2008). Adding 50pg/mL
a-toxin to the tissue shown in Figure 5.6a induced a contraction that reached a peak
of 176% of the KClI response after about 10 min. Subsequent washing with buffer at
pCa 9.0 containing 1mM ATP, which was present for the rest of the experiment,
induced relaxation of the tissue and the tone returned to the basal level after about an
hour. When the tissue was then exposed to pCa 6.5, followed by pCa 4.5, it
developed contractile responses that reached peak values of 33 and 61% of KCl
response, respectively. A similar pattern of responses was seen in the other tissue and
the peak contractions induced by pCa 6.5 and pCa 4.5 were equivalent to 55 and 83%
of the KCl response, respectively.

A reduced amount of a-toxin was also tested and in this experiment, ImM ATP
was added before the application of a-toxin and then included in the buffer from
thereon. 10pug/mL a-toxin evoked a contraction that reached a peak of 203 + 11% of
the KCl response (100% = 284 + 17mg, n=4) in about 20 min (Figure 5.6b). The
contraction reversed to near basal level in about an hour following several washes
with buffer at pCa 9.0. Increasing free [Ca®*] to pCa 6.5 induced a contraction of 51
+ 14% of the KCI response. UTP and UDP (300uM for both) were subsequently
added to two preparations each, and evoked additional contractions equivalent to 48
and 59%, respectively, of their response prior to permeabilisation.

To determine if the responses evoked in the permeabilised preparations were
reproducible, pCa was raised to pCa 6.5 twice in the same two tissues. Figure 5.7
shows one example, where, following permeabilisation with 50pug/mL a-toxin pCa
6.5 initially induced a contraction of 238mg peak amplitude. This response was
diminished by 70% on the second challenge. A similar pattern of response was also
seen in the other tissue. Thus, overall, 50 and 10ug/mL o-toxin appeared to be
equally effective at permeabilising the rat SPA and the permeabilised tissues were
able to produce a substantial level of response to increased free [Ca**] and P2Y

. . 2 .. .
agonists. However, contractions to Ca™" showed rundown on repeated administration
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and so in subsequent experiments Ca®* and nucleotides were added once only to

permeabilised preparations.
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Figure 5.5. Effect of varying [a-toxin] on the contractile responses evoked by
cumulative free [Ca“] additions and UDP in endothelium-denuded rat SPA
following permeabilisation. The traces show the initial vasoconstriction of rat SPA
to 40mM KCI and; a) UTP (0.1 — 1.0mM) in its intact tissue, and the subsequent
response to cumulative additions of free [Ca®'] after permeabilising with 50pug/mL a-
toxin, or b) UDP (0.1 — 1.0mM) in the intact tissue, and the subsequent contraction to
300uM UDP at pCa 6.5 following application of 10pg/mL a-toxin. PSS was replaced
by permeabilising buffer prior to a-toxin addition, as shown by the black arrow.
Addition of agonists and a-toxin, and free [Ca2+] and ATP, are indicated by the thick
and thin black solid bars, respectively.
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Figure 5.6. Vasoconstriction of a-toxin-permeabilised endothelium-denuded rat
SPA in response to increasing free [Ca®*] at pCa 6.5. The original traces show the
contractions of 50pg/mL o-toxin-permeabilised rat SPA in response to free [Ca®'] at
pCa 6.5 applied twice. Level of free [Ca®"] is indicated by the black solid bar.
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2.3. The Requirement for ATP in Permeabilisation Buffer

In previous studies (Himpens et al., 1990; Kitazawa et al., 1991; Crichton et al.,
1997) ATP was commonly present in the permeabilisation buffer at SmM, however,
as mentioned earlier, adding millimolar ATP can be problematic due to its ability to
activate P2X and P2Y receptors and so, the influence of and requirement for ATP in

the permeabilisation buffer was investigated.

2.3.1. The Response to P2Y Agonists and Free [Ca’*] after Permeabilisation

In order to evaluate the effect of co-stimulation of ATP-sensitisation and UTP- or
UDP-sensitisation via P2 receptors, a preliminary study was carried by bathing the
intact rat SPA with permeabilising buffer containing SmM ATP and with zero [Ca®*],
followed by application of either UTP or UDP. As shown in Figure 5.8a, exposing
the tissue to the permeabilising buffer (without ATP) did not induce any response,
however, when SmM ATP was added, a substantial contraction was induced, even in
the absence of Ca*". The peak contraction declined slightly, but was then maintained
for more than 30 min. Additionally, a second ATP application still evoked a
contraction, with a peak amplitude of more than half of that of the first addition.
Once this contraction reached a plateau, 300uM UTP was added, but this only
evoked a modest response. This experiment was also repeated by replacing UTP
added in the final stage with 300uM UDP. The mean contraction amplitude for UTP
and UDP was 47 + 12mg (n=4) and 66 + 11mg (n=4), respectively. Consequently,
the concentration of ATP in the permeabilising buffer was reduced to 1mM. When
using this reduced concentration of ATP in the permeabilising buffer, o-toxin
(10pg/mL) permeabilised vessels contracted to UTP and UDP at pCa 6.5. The
response was, however, abolished when ATP was excluded (Figure 5.8b.1). Equally,
additions of free [Ca®*] at pCa 6.5 and pCa 4.5 failed to evoke a response if ATP was
omitted from the buffer (Figure 5.8b.ii). Thus, ATP is an absolute requirement to

enable contractions to Ca®* and nucleotides in the permeabilised tissues.
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Figure 5.7. Effect of ATP on the responses to UTP and cumulative free [Ca“]

additions in intact and a-toxin-permeabilised endothelium-denuded rat SPA. a)
The traces of vasoconstriction of the intact rat SPA evoked by SmM ATP and 300uM
UTP in the presence of SmM ATP, bathed in the Ca®*-free permeabilising buffer, are
shown. b) shows the traces of the initial responses of rat SPA to 40mM KCI and UTP
or UDP (0.1 — 1.0mM for both) in its intact tissue, and the subsequent contractions to
1) 300uM UTP at pCa 6.5, and ii) cumulative additions of free [Ca2+], following
permeabilisation with 10pug/mL a-toxin. ATP was excluded in the permeabilising
buffer for (b). PSS was replaced by permeabilising buffer prior to permeabilisation,
as shown by the black arrow. Addition of agonists and free [Ca2+] and ATP are
indicated by the thick and thin black solid bars, respectively.
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2.3.2. ATP-Induced Contraction

As reported in the previous section ATP induced a large, prolonged contraction
of rat SPA. In this section an attempt was made to minimise these contractions in
order to reduce the length of the experiment and to allow the effects of a-toxin to be
seen more clearly. Bathing the intact rat SPA with Ca**-free buffer for more than 10
min did not prevent a contraction evoked by ImM ATP (n=3) (Figure 5.9a). The
peak of this response was reached in about 5 min and decayed slowly, but tone did
not return to the basal level even after 30 min. Adding Ca** to give pCa 4.5 induced a
small, maintained contractions on top of the ATP response. The Cay1.2 Ca®* channel
blocker nifedipine (1pM) and SERCA inhibitor thapsigargin (1uM) were added to
inhibit Ca®* influx and deplete intracellular Ca** stores, respectively. When applied
together for at least 15 min before Ca**-free PSS was introduced, these agents
virtually abolished the contraction evoked by ImM ATP and pCa 4.5 (Figure 5.9b).
Therefore, nifedipine and thapsigargin were added to the permeabilising buffer in all

subsequent experiments.
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Figure 5.8. Effects of nifedipine and thapsigargin on the elevation of basal
tension induced by application of the permeabilising buffer’s active contractile
components ATP and pCa 4.5. The traces show the basal tension of intact
endothelium-denuded rat SPA after replacing the PSS with the permeabilising buffer
in the a) presence or b) absence of both nifedipine and thapsigargin (1uM for both),
applied at least 15 min before Ca**-free PSS was introduced. The switching of bath
solution between PSS and permeabilising buffer is shown by the black arrows.
Addition of inhibitors and free [Ca2+] and ATP are indicated by the thick and thin
black solid bars, respectively.
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3. DISCUSSION

In this study, the amplitude of contractile responses evoked by the nucleotides UTP
and UDP in the intact, unpermeabilised rat SPA were largely comparable at three
different temperatures, i.e. 37°C, 30°C and 26°C, although the contractions developed
more slowly at lower temperatures. Both B-escin and o-toxin permeabilised the
tissue, but only the latter was effective at preserving the contractile activity of the
vessel, together with the receptor-G protein coupling response. This response,
however, was subjected to a substantial rundown when Ca** administration was
repeated. In addition, ATP was an essential component of the permeabilising buffer

and is needed to ensure that the permeabilised tissue retained its contractile activity.

3.1. Effect of Temperature on the Contractile Activity of Intact Rat SPA

The contractile activity of intact rat SPA in response to UTP and UDP was
studied at 37°C, 30°C and 26°C in order to establish if lowering the temperature
significantly modified the responses. This was important as permeabilisation
experiments have been routinely performed at lower temperatures (Thomas et al.,
2005; Snetkov et al., 2006). The results showed that the three concentration-response
curves to UTP within and between each temperature were generally comparable,
although UTP was slightly, but significantly less potent on the 3™ compared to the 1%
addition at both 37°C and 30°C, and on 1* addition at 26°C UTP was also slightly
less potent compared to the 1* addition at both 37°C and 30°C. Furthermore, the
amplitude of responses to 300uM UTP was highly reproducible within and across the
three temperatures. Likewise, the UDP-evoked response was also largely stable
within and between temperatures, apart from being significantly less potent for; the
3™ than the 1* curve at 37°C and 30°C, the 1% curve at 26°C compared to the
corresponding curves at 37°C and 30°C, and the 3™ curve at 37°C than the 3™ curve
at 26°C. Additionally, the amplitude of responses to 300uM UDP was stable within
and between temperatures. The most marked difference for both UTP- and UDP-
evoked responses was the slower development of contractions at lower temperatures.
This finding is consistent with the slowing of the kinetics of phasic contractions for
both guinea pig and rat ureteric smooth muscles after being subjected to cooling

(Burdyga & Wray, 2002).
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The present study also showed that the cumulative concentration-response curves
to both UTP and UDP did not reach a maximum. This result was comparable with
previous studies using similar tissue preparations (Rubino & Burnstock, 1996;
Chootip et al., 2002). However, a more recent study (Kauffenstein et al., 2010) using
aorta and mesenteric artery from the transgenic mice lacking NTPDasel found that
the concentration-response curves to UTP and UDP did reach a maximum response
and the curves were shifted substantially to the left compared with the wild-type
animals. This indicates that NTPDasel greatly modulates the contractions to UTP
and UDP by actively hydrolysing these nucleotides and consequently depressing
their apparent potency.

Temperature-dependent changes in the time-course of KCl-evoked contractions
were also observed, as the contractions developed more slowly at the lower
temperatures. A decrease of KCIl response amplitude and a prolongation of its
time-course were also observed in rat intestinal smooth muscle at low temperature
(Sabeur, 1996). However, in the present study, the KCI response measured from 5 to
8 min for all studied temperatures did not reach a plateau and hence, the difference of
amplitude at the respective time intervals might just be largely due to the slow
kinetics of contraction at low temperature. Therefore, the tissues incubated at low
temperature, e.g. 26°C, might reach the equivalent KCl-induced contraction
amplitude at 37°C, provided it was measured at a later time-point than that of at

37°C.

3.2. EGTA and Free [Ca™"]

Addition of concentrated CaCl, stock solution directly to the EGTA-containing
buffer substantially lowered its pH. This acidification was due to the ability of one
Ca®™ to displace two H' bound to EGTA (Tsien & Pozzan, 1989). An additional
problem with adding a concentrated CaCl, stock solution (IM) to the EGTA-
containing buffer is that a small error in volume measurement will lead to significant
inaccuracy in the final free [Ca2+] (Tsien & Pozzan, 1989). However, adopting a
procedure of mixing together two EGTA-containing buffers can prevent a substantial
disturbance to the [H*] balance of the final mixture as effectively we are only varying

the free [Ca®*] at micromolar concentrations (as opposed to millimolar
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concentrations when adding a concentrated CaCl, stock solution directly), and hence
liberates H" at a range that requires a negligible pH adjustment. Moreover, by adding
Ca® in conjunction with EGTA, the variation of free [EGTA] can be kept at
minimum level, and this can avoid upsetting the Mg** equilibria. Equally, not only
does this technique provide a straightforward method of preparing a desired free
[Ca®*] by calculating the appropriate mixing ratio (v/v) of both solutions, but more

importantly it enhanced the accuracy of the [Ca**] applied to the tissues.

3.3. Effectiveness of Permeabilising Agents - B-Escin and o-Toxin, and
Reproducibility of Contractions of the Membrane-Permeabilised Tissue

The results showed that permeabilisation of the rat SPA by -escin was
successfully achieved at 20 and 50uM, but not at SuM. 20 or 50uM B-escin induced a
more than five-fold increase of contraction amplitude compared to SuM B-escin
during the permeabilising phase. Additionally, tissues permeabilised with 20 or
50uM p-escin responded to increasing free [Ca**], whereas those treated with SpM
B-escin were virtually quiescent even when exposed to a [Ca®*] as high as pCa 2.0.
Interestingly, the latter tissue contracted in response to agonist administration at pCa
4.5. This response was similar to the contraction of an intact tissue, thus further
indicating the lack of tissue permeabilisation with this low concentration of -escin.

The effectiveness of tissue permeabilisation by 20 or 50uM B-escin, however,
was severely compromised by the inability of the permeabilised tissue to retain its
contractile viability, as clearly demonstrated by its weak response to both increasing
free [Ca®] and P2Y agonists. This finding was consistent with a previous study
(Evans et al., 1999) in which severe rundown of agonist responses was observed
after permeabilising the rat SPA with 50uM B-escin. B-escin has been shown to
create transmembrane pores, which are sufficient to allow access to the molecules as
large as immunoglobulin G and lactate dehydrogenase, with the molecular weight of
135 — 150kD for both (Iizuka et al., 1994). Therefore, the deterioration of contraction
of the B-escin-permeabilised tissue observed here perhaps could be due to the
substantial leakage of essential contractile proteins, particularly calmodulin and

MLCK, which have a molecular weight of about 17 and 140kD, respectively.
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In the permeabilisation experiments with a-toxin, 10pug/mL of this compound
was as effective as 50upg/mL at permeabilising the rat SPA. During the
permeabilising phase, both amounts of a-toxin produced an almost two-fold increase
in contraction amplitude compared to the [-escin counterpart. Moreover, the
resultant permeabilised tissues preserved contractile activity, as demonstrated by
their ability to produce an average of more than 40% and nearly 80% of KCl-induced
response following pCa 6.5 and pCa 4.5 challenges, respectively. a-toxin
transmembrane pores are very small (~2nm) and rarely permit the passage of
molecules with a molecular weight more than 17kD (Fiissle et al., 1981).

The reproducibility of contractile responses was also evaluated in a-toxin
permeabilised tissues. The results clearly indicate that the peak amplitude of the
second pCa 6.5-induced contraction was smaller than the first by as much as 70%.
Diffusion or leakage of cellular substances cannot be rule out in contributing to this
rundown effect, which is enhanced by the mechanical squeezing during the
contractile activity. In this respect, lizuka et al., (1994) observed that about 8% of

cellular lactate dehydrogenase leaked during contraction in a-toxin-treated tissues.

3.4. The Requirement for ATP in the Permeabilisation Buffer

The present results demonstrated that the contractile activity of the permeabilised
rat SPA was highly dependent on the presence of added ATP, as the response of this
tissue to an increase of free [Ca**]; and P2Y agonists was virtually abolished when
ATP was excluded from the permeabilising buffer. However, the presence of ATP is
also an issue since the application of both UTP and UDP only evoked modest
contractions in the intact vessel when bathed in the permeabilising buffer containing
SmM ATP. Clearly, this high energy molecule can compete with UTP and UDP for
binding to P2Y receptors (Chootip et al., 2002). Thus, it was critical that the [ATP]
in the buffer was adjusted to such a level where its essential role as an energy
provider for the contractile activity of permeabilised tissue was optimally preserved,
while keeping the unwanted effect of activating P2Y receptors as low as possible.
This was achieved here by lowering the concentration of ATP to ImM. This subtle
balance can be accomplished considering ATP has relatively lower potency and

efficacy towards P2Y receptors of the rat SPA than either UTP or UDP (Chootip et
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al., 2002). Since P2Y receptors are widely distributed throughout smooth muscle
tissues, these data have important implications for permeabilisation studies. ATP in
the permeabilisation buffer, besides acting biochemically to provide energy, may
also act pharmacologically to stimulate P2Y receptors and induce Ca** sensitisation,
which in turn will influence the Ca®* sensitisation induced by other agents. This does
not appear to have been taken into account in previous permeabilisation studies.
Addition of ATP (ImM) in the buffer elevated tension in unpermeabilised
preparations, even in the absence of Ca**. However, it was abolished by coapplying
nifedipine and thapsigargin, which block voltage-gated Ca** channel and the SERCA
Ca’" pump, respectively. ATP stimulates both P2X and P2Y receptors to induce Ca**
influx and intracellular Ca** release (Guibert et al., 1996; Zheng et al., 2005), which
in turn induce membrane depolarisation and activation of Cayl.2 channels. As
mentioned above, nifedipine can be used to block this channel. Additionally,
inhibition of the SERCA Ca®* pump by thapsigargin prevents the uptake of Ca** into
the SR, which causes emptying of this Ca®*. In addition, disabling the SR function
was desirable as it could prevent the P2Y receptor-mediated SR Ca®* release and
hence, ensured the clamping of [Ca®*]; was tightly maintained during application of
P2Y agonists. Interestingly, the above ATP-evoked contraction was maintained for
more than 30 min in the absence of Ca®*. This suggests that that ATP induced Ca®*
sensitisation. In addition, initiation of this effect was prevented by inhibitors Ca™
influx with nifedipine and depleting Ca** stores with thapsigargin. This is consistent
with the results in the Chapter 6 which show that a minimum level of intracellular

Ca™ is required for Ca®" sensitisation to be initiated.

3.5. Application to the Permeabilisation Protocol
The findings in this chapter enabled the optimum conditions for the
permeabilisation protocol to be established, as summarised below;
1) Temperature was set at 37°C to mimic the physiological temperature.
2) Permeabilising solution was prepared by mixing Ca**-free and high Ca®*
EGTA-containing solutions in a v/v ratio to yield a more accurate free [Ca2+],

with stable pH.
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3) o-toxin was favoured over B-escin because of its superiority in preserving the
contractile activity of the permeabilised tissue. 10pug/mL o-toxin was used since
a comparable permeabilisation outcome was observed with 50pug/mL.

4) 1mM ATP was included in the permeabilising buffer to enable contractions to
occur.

5) Nifedipine and thapsigargin (1uM for both) were applied before permeabilising
the tissue, and during the rest of the experiment, to eliminate the influence of
ATP-evoked cellular Ca** mobilisation and Ca** influx.

6) Contractile activity of permeabilised tissue was studied by a single cycle
response per preparation due to the substantial rundown of the subsequent
contraction.

Based on the above conditions, the adopted permeabilisation protocol was
generally performed by first, obtaining appropriate control responses to KCIl and
UTP or UDP (details in the Methods) in the intact rat SPA. After washout, nifedipine
and thapsigargin were added and kept throughout the experiment. Subsequently, the
Ca’*-free PSS was introduced at least 15 min after addition of these blocking agents,
and then replaced by the permeabilising buffer, which lack ATP or Ca**. ATP, Ca**
(pCa 4.5) and o-toxin were then each added in this respective order at 5 min
intervals. It was noted that addition of both ATP and Ca®* had virtually had no effect
on the basal tension of the tissue. During this permeabilising phase, o-toxin was
maintained in the solution until the contraction reached a peak, an indication that
complete permeabilisation had taken place. The o-toxin-containing solution was
extracted and stored at 4°C before re-using it in one more subsequent experiment.
The permeabilised tissue was then washed several times with the permeabilising
buffer at pCa 9.0 until a stable basal tension was reached. At this point, the
appropriate interventions were ready to be carried out. These are reported in the next

chapter.
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Chapter 6:

Characterisation of Contraction
in Membrane-Permeabilised
Preparations
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1. INTRODUCTION

Rho kinase and PKC have been proposed to play an important role in the
vasoconstriction evoked by UTP and UDP and so far the results of the experiments
that I have performed in the intact preparations presented in chapter 4 clearly indicate
a positive involvement of these kinases in the nucleotide-evoked contractions.
Several possible mechanisms through which these enzymes mediate their effects
have been discussed in Chapter 4, and one of the downstream mechanisms could
involve Ca** sensitisation, however, the findings so far still cannot conclusively
establish such an association. Therefore, to address this issue, a membrane
permeabilisation technique was used to enable the involvement of Ca** sensitisation
to be investigated directly.

The present results also indicate that PI-PLC contributed in both UTP- and
UDP-evoked contractions in the intact preparations. This could involve Ca**
sensitisation, particularly via activation of PKC (details in Chapter 4). Thus, further
investigation on the PI-PLC involvement performed in the permeabilised preparation
is crucial to clarify this matter. Finally, characterisation of the P2Y receptor subtypes
mediating the effects of UTP and UDP would also be useful, however, the current
limited availability of the reliable selective P2Y receptor antagonists may limit the
scope of this investigation.

As the optimum conditions for the permeabilisation protocol for studying the
P2Y receptor-mediated vasoconstriction were established in Chapter 5, these studies
were continued here by first exploring the contribution of Rho kinase and PKC to the
cumulative Ca®" concentration-response curve, by preincubating the tissues with the
inhibitors Y27632 or GF109203X, prior to the generation of the curve. These
inhibitors were used again to determine the role of Rho kinase and PKC in the UTP-
and UDP-evoked contractions via Ca®* sensitisation by applying them after the
responses reached a peak. The inhibitors were also applied after the peak contraction
was reached in response to pCa 6.5 alone and subsequent addition of PMA. The role
of PI-PLC and the effect of the P2 receptor antagonist suramin on the Ca®*
sensitisation aspect of contractions evoked by both nucleotides were investigated by

adding U73122 and suramin, respectively, before the agonists.
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2. RESULTS
2.1. Effects of Preincubation with Y27632 and GF109203X on Cumulative Ca**
Concentration-Response Curves

In these experiments the intact rat SPA was initially challenged with KCI and
then UTP or UDP, each of which produced consistent responses and the tissues were
then permeabilised with 10 pg/mL o-toxin (Figure 6.1). After a steady basal tension
was re-established following permeabilisation, the tissue was subsequently exposed
to increasing concentrations of Ca®*, in a cumulative manner. The tissue first started
to contract at pCa 7.0 (Figure 6.1a, 6.3a), larger contractions were observed at pCa
6.5 and pCa 6.0, and the maximum response was reached at pCa 5.0, as no further
augmentation of the contractile response was seen at pCa 4.5. The mean contraction
amplitude evoked by pCa 4.5 was 355 + 79mg (n=5), which was 94.0 + 23.8% of the
contraction elicited by KCl (40mM) prior to permeabilisation. The ECsy and Hill
slope of this control [Ca2+]—response curve were 336nM (95% Confidence limits =
238 — 474nM, n=5) and 2.67 + 0.56, respectively. Unpermeabilised preparations did
not contract when exposed to the same range of free [Ca2+] (n=3) in the
permeabilising buffer, although they did contract in response to KCI and nucleotides
before changing to the permeabilising buffer (Figure 6.1b).

Preincubation of 10pM Y27632 for 15 min caused a rightwards shift of the Ca**
concentration-response curve, whereby the tissue only started to respond at pCa 6.5
(Figure 6.2a, 6.3a). The ECsy of the resultant curve was 820nM (95% Confidence
limits = 541 — 1245nM, n=5), which was significantly higher than the ECs of the
control curve (P<0.01). The Hill slope of this curve was 1.72 + 0.30. In contrast, the
Ca’" concentration-response curve was not affected by 15 min preincubation with
10uM GF109203X (Figure 6.2b, 6.3a). The ECsy obtained under these conditions
(342nM (95% Confidence limits = 224 — 521nM, n=5)) was comparable to that of
the control curve, but significantly lower than that when tissues were preincubated
with Y27632 (P<0.01). Moreover, the Hill slope of this curve (2.79 + 0.56) was
similar to that of control curve. The peak contractile responses to pCa 4.5 in the
presence of Y27632 and GF109203X were not significantly different from control
(Figure 6.3b). Overall, these results show that Rho kinase, but not PKC, are active at

. . . 2 .. .
basal tone, and in the absence of receptor agonists, to induce Ca™" sensitisation.
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Figure 6.1. Contractile responses induced by cumulative free [Ca**] addition in
endothelium-denuded rat SPA treated with a-toxin. The traces show the initial
vasoconstriction of rat SPA to 40mM KCl and UTP (0.1 — 1.0mM) in its
unpermeabilised state, and the subsequent response to cumulative additions of free
[Ca2+] (10nM - 31.6uM) a) following permeabilisation with 10pg/mL a-toxin, or b)
in an unpermeabilised tissue. PSS was replaced by permeabilising solution as shown
by the black arrows. Addition of agonists and o-toxin, and level of free [Ca®*] and
ATP addition are indicated by the thick and thin black solid bars, respectively.
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Figure 6.2. Effects of Y27632 and GF109203X on cumulative addition of free
[Ca**] in o-toxin-permeabilised endothelium-denuded rat SPA. Typical traces
from different o-toxin-permeabilised tissues showing the contractions induced by
cumulative free [Ca**] additions (10nM — 31.6uM) after 15 min preincubation of a)
10uM Y27632 and b) 10uM GF109203X. Addition of inhibitors and level of free
[Ca*] are indicated by the thick and thin black solid bars, respectively.
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Figure 6.3. Effects of Y27632 and GF109203X on contractile responses to free
[Ca**] additions in a-toxin-permeabilised endothelium-denuded rat SPA. a)
Cumulative Ca®* concentration-response curves are shown in the absence (o) and
presence of 10uM Y27632 (V) or 10uM GF109203X (m), added 15 min prior to
increasing free [Ca®**]. Contraction are expressed as a % of maximum contraction
(pCa 4.5). b) shows the mean peak amplitude contractions to pCa 4.5 derived from
the above cumulative [Ca**] response curves in the absence and presence of the
inhibitors, expressed as a % of the response to KCl (40mM) obtained prior to
permeabilisation. n=5 for all. Data are shown as mean + S.E.M.
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2.2. Characterisation of Contractions Evoked by pCa 6.5, UTP, UDP and PMA
in a-Toxin-Permeabilised Rat SPA

The experiments reported in Chapter 5 showed that agonist-induced contractions
of permeabilised tissues were not reproducible and showed substantial rundown.
Therefore, it was important to characterise here the responses evoked by the agonists
in the a-toxin-permeabilised rat SPA before any attempt was made to investigate the
effect of the inhibitors against them. As usual, the rat SPA was first challenged with
KCI and the respective agonist, and these additions evoked consistent responses
(Figure 6.4 — 6.8). Subsequent exposure of the permeabilised tissue to pCa 6.5
evoked a contraction that reached a peak of 155.5 + 7.5mg (n=100) in about 20 min
(Figure 6.4). In four of the tissues, the time-course of the contractions were further
studied. The contraction decayed slowly and was 94.5 £ 2.5% and 81.1 £+ 9.8% of
peak at 20 and 40 min after peak, respectively, but these changes were not
statistically significant.

Addition of either UTP or UDP at pCa 9.0 did not evoke any response, although
a subsequent change to pCa 6.5 induced a contraction (Figure 6.5), showing that the
contractile viability of the vessels was not compromised, and consistent with
previous studies showing that GPCR agonists need a raised basal [Ca**] (Evans et
al., 1999; Jernigan et al., 2004; Wilson et al., 2005; Knock et al., 2008) in order to
elicit contraction of permeabilised tissues. When the nucleotides were added once the
contraction to pCa 6.5 had reached its peak, 300uM UTP evoked an additional
contraction of 85.7 £ 7.6mg (n=20), which reached a peak in about 20 min, and
which was 31.9 + 3.8% of the peak contraction evoked by the same concentration of
UTP before permeabilising the tissue (P<0.001) (Figure 6.6a, b). The time-course of
contractions was studied further in four tissues (Figure 6.6¢). The contractions were
not maintained and decayed slowly, and were 66.0 + 13.1% and 6.0 + 28.8% of peak
at 20 and 40 min after peak, respectively. The contraction at 40 min was significantly
smaller than at peak (P<0.05). Likewise, 300uM UDP evoked a contraction of 81.2 +
8.4mg (n=20) that reached a peak in about 20 min and which corresponds to 30.7 +
4.1% of the peak response evoked before permeabilising the tissue (P<0.001) (Figure
6.7a, b). In four of the vessels, the time-course of contractions was further

investigated (Figure 6.7c). This contraction decreased to 77.1 + 6.8% and 27.6 +
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21.2% after 20 and 40 min, respectively, of reaching its peak, but only the latter
reduction was statistically significant (P<0.01).

In contrast, adding 10uM PMA at the peak of the contraction to pCa 6.5 did not
evoke a further increase in tone, even after 60 min exposure (Figure 6.8a), the time in
which PMA-induced contraction of unpermeabilised tissue usually reached a peak
(Chapter 4). Instead, tone decreased slowly (Figure 6.8a, b) and there was no
significant difference in the amplitude of contractions evoked by pCa 6.5 alone and

pCa 6.5 plus PMA, 20 and 40 min after the peak (Figure 6.8c).
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Figure 6.4. Contractile response of a-toxin-permeabilised endothelium-denuded
rat SPA induced by pCa 6.5. a) The traces show the typical contractile responses of
rat SPA induced by 40mM KCIl and UTP (0.1 — 1.0mM) in its intact tissue, and
subsequently by free [Ca®*] at pCa 6.5 after permeabilising the tissue with 10pg/mL
a-toxin. PSS was replaced by permeabilising buffer, as shown by the black arrow.
Addition of agonists and free [Ca®*] are indicated by the thick and thin black solid
bars, respectively. b) The mean amplitude of contractions evoked by pCa 6.5
measured at peak and 20 and 40 min after that are shown. n=4. Data are expressed as
mean + S.E.M.

141



PSS Permeabilising buffer

a)
I
I 100mg‘
. 10 min
I
| .

v
A
A

|
A

# 1
40mM 0.1 0.3 1.0 : 0.3mM UTP
KCl UTP (mM) !
I 9.0 6.5 (pCa)
b)
_ PSS w Permeabilising buffer
I
! 100mg|
1
. 10 min
I
1
1
! —
40mM 0.1 0.3 1.0 1 0.3mM UDP
KClI UDP (mM) .
! 9.0 6.5 (pCa)

Figure 6.5. Addition of UTP and UDP at pCa 9.0 [Ca“] in endothelium-denuded
rat SPA permeabilised with a-toxin. The traces show the contractions of rat SPA
induced by 40mM KCI and a) UTP and b) UDP (0.1 — 1.0mM for both) in the intact
tissue, and subsequently by the respective nucleotides at 300uM at pCa 9.0 after
permeabilisation with 10pg/mL a-toxin. Both tissues were then exposed to pCa 6.5.
PSS was replaced by permeabilising buffer, as shown by the black arrow. Addition
of agonists and free [Ca’"] are indicated by the thick and thin black solid bars,
respectively.
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Figure 6.6. Vasoconstriction evoked by UTP in endothelium-denuded rat SPA
treated with a-toxin. a) The traces show typical contractions of rat SPA induced by
40mM KCI and UTP (0.1 — 1.0mM) in the intact tissue, and subsequently by 300uM
UTP in the presence of free [Ca**] at pCa 6.5 after permeabilising the tissue with
10pg/mL a-toxin. PSS was replaced by permeabilising buffer, as shown by the black
arrow. Agonist addition and free [Ca2+] are indicated by the thick and thin black solid
bars, respectively. b) shows the mean peak amplitude of contractions to UTP in both
intact and permeabilised state of rat SPA. The UTP response amplitude in the latter is
measured by excluding the contraction amplitude of pCa 6.5. ¢) The mean amplitude
of contractions to UTP at pCa 6.5 in the permeabilised tissue measured at peak and
20 and 40 min after that are shown. n=20 and 4 for data in (b) and (c), respectively.
Data are expressed as mean + S.E.M. ***P<0.001 in (b) for the peak responses in
permeabilised versus intact tissues and *P<0.05 in (c) for the responses at 40 min
after peak versus at peak.
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Figure 6.7. Contractile response of UDP in a-toxin-permeabilised endothelium-
denuded rat SPA. a) The traces show the contractions of rat SPA evoked by 40mM
KCI and UDP (0.1 — 1.0mM), and 300uM UDP (at pCa 6.5), before and after
permeabilisation with 10pg/mL  o-toxin, respectively. PSS was replaced by
permeabilising buffer, as shown by the black arrow. Agonist addition and [Ca®"] are
indicated by the thick and thin black solid bars, respectively. b) shows the mean peak
amplitude of contractions of UDP in both intact and permeabilised state of rat SPA.
The UDP response amplitude in the latter is measured by excluding the contraction
amplitude of pCa 6.5. ¢c) The mean amplitude of contractions of UDP at pCa 6.5 in
the permeabilised vessel measured at peak and 20 and 40 min later are shown. n=20
and 4 for data in (b) and (c), respectively. Data are expressed as mean + S.E.M.
*#%P<0.001 in (b) for the peak responses in permeabilised versus intact tissues and
**P<0.01 in (c) for the responses at 40 min after peak versus at peak.
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Figure 6.8. Effect of PMA addition in o-toxin-permeabilised endothelium-
denuded rat SPA. a) The traces show typical contractions of rat SPA induced by
40mM KCI and UTP (0.1 — 1.0mM) in the intact tissue, and subsequently by free
[Ca®*] at pCa 6.5 plus 10uM PMA, following permeabilisation with 10pg/mL
a-toxin. PSS was replaced by permeabilising buffer, as shown by the black arrow.
Addition of agonists and free [Ca2+] are indicated by the thick and thin black solid
bars, respectively. The lower panels show the mean amplitude of contractions of the
permeabilised vessel b) measured after adding PMA for 40 min and from the pCa 9.0
baseline, and then c¢) compared with the control (pCa 6.5) at the same time-point, are
shown. n=4 both PMA and pCa 6.5. Data in (c) are expressed as % of the peak
response. Data are shown as mean + S.E.M.
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2.3. Effects of Post-Addition of Y27632 and GF109203X on Contractions
Evoked by pCa 6.5, UTP, UDP and PMA

In the next series of experiments the effects of Y27632 and GF109203X on the
contractions evoked by pCa 6.5, UTP and UDP were determined. To take into
account the tendency for the contractions elicited by these agents to decay with time,
Y27632 and GF109203X were added just after the contraction peak and the
contraction amplitude was measured 20 min later. Under these conditions, 10uM
Y27632 caused a rapid relaxation that did not reach a plateau and significantly
diminished the pCa 6.5-induced contractions by 50.4 + 5.9% (n=4) compared to a
decay of 5.5 + 2.5% (n=4) of the control response (P<0.001) (Figure 6.9a). 10uM
Y27632 not only rapidly and totally reversed responses to UTP (Figure 6.9b) and
UDP (Figure 6.9¢c), but also depressed the contractions below the level established by
pCa 6.5 by 32.8 £ 6.5% (n=4, P<0.01) and 41.8 + 11.4% (n=4, P<0.01), respectively.
Thus, it is apparent that Ca®" sensitisation-mediated contractions by both nucleotides
were fully dependent on Rho kinase.

To determine if the contribution of Ca®* sensitisation was the same in
permeabilised and intact tissues the amplitude of the agonist-induced responses in
permeabilised preparations, expressed as a percentage of the earlier response in same
tissue before permeabilisation, was compared with the percentage inhibition of the
control response of unpermeabilised tissues induced by Y27632, as shown in Chapter
4 (Figure 4.15). The calculation of the percentage of Ca®* sensitisation components
in both intact and permeabilised preparations is illustrated in Figure 6.10a. Figure
6.10b shows that the reduction of UTP by Y27632 in intact tissues (~20%) was
slightly, but not significantly smaller than the response to UTP seen in permeabilised
tissues (~30%). For UDP, these measurements were comparable and Ca**
sensitisation contributed approximately 30% of its peak response.

In contrast, 10uM GF109203X did not appear to induce a relaxation when added
at the peak of the response to pCa 6.5, UTP or UDP (both 300uM) (Figure 6.11) and
there was no significant difference in the extent of contraction decay after 20 min
compared with the time-matched controls (Figure 6.11). PMA did not appear to
evoke a contraction in the previous section, but in unpermeabilised tissue its

contractile action developed very slowly, usually taking about an hour to reach peak.
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Thus, in theory, a slow contractile effect in permeabilised preparations could be
masked by the slow decay of the contraction to pCa 6.5. To test this possibility 10uM
GF109203X was added 60 min after 10uM PMA had been added at the peak of the
response to pCa 6.5. Under these conditions GF109203X evoked a clear, rapid
relaxation and 20 min later the tone had returned to the basal level seen at pCa 9.0
(Figure 6.12).

Overall, these results show that the Ca™ sensitisation aspect of contractions to
UTP and UDP appears to be exclusively dependent on Rho kinase, without any
apparent involvement of PKC. Additionally, Rho kinase is also likely to contribute
via Ca®* sensitisation to the contraction induced by the elevation of [Ca2+]. In
contrast, although PKC can appear to be activated by PMA it does not contribute to
contractions evoked by UTP, UDP and elevated [Ca2+]i.
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Figure 6.9. Effect of Y27632 on contractions evoked by pCa 6.5, UTP and UDP
in a-toxin-permeabilised endothelium-denuded rat SPA. The effects of 10uM
Y27632 on contractions evoked by a) pCa 6.5, b) 300uM UTP and c¢) 300uM UDP,
in a-toxin-permeabilised rat SPA, are shown. The nucleotides were added once the
contraction induced by pCa 6.5 had reached its peak. The left hand panels show
typical traces for each, where Y27632 was added once the agonist-induced
contraction had reached its peak and X, y and z indicates the peak contraction of pCa
6.5, pCa 6.5 plus agonist and 20 min after adding Y27632, respectively. Addition of
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agonists and Y27632, and free [Ca2+] are shown by the thick and thin black solid
bars, respectively.

The right hand panels; a. i1) shows the mean contraction amplitude 20 min after peak
in the absence and presence of Y27632, b. ii) and c. ii) show the mean amplitude of;
contractions to pCa 6.5 (x), the total peak response after subsequent addition of
agonist (y), and the contractions remaining following treatment with Y27632 (z).
Note that the data in a. ii) were obtained from different preparations. n=4 each and
are expressed as a % of peak contraction amplitude. The data shown in b. ii) and c.
i1) are expressed as mg tension, measured from the basal tone at pCa 9.0 and in either
case the two sets of data were obtained in the same preparations. n=4 for both UTP
and UDP. Data are shown as mean + S.E.M. ***P<(.001 in a. i1) for the response to
pCa 6.5 in the presence of Y26732 compared with the control and **P<0.01 in b. ii)
and c. 1) for the difference between the peak response to pCa 6.5 plus agonist (y) and
the remaining contractions after 20 min application of Y27632 (z).
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Figure 6.10. Comparison of the amplitude of the Ca** sensitisation components
of contractions evoked by UTP and UDP in intact and permeabilised
endothelium-denuded rat SPA. a) shows the calculation for the % of Ca®*
sensitisation components of an agonist in intact (CaSy) and permeabilised (CaSp) rat
SPA. b) The mean reduction of peak contraction amplitude of UTP and UDP (both
300uM) in intact rat SPA after 15 min preincubation with 10uM Y27632, and the
mean amplitude of peak response of the nucleotides at the same concentrations
obtained in vessel permeabilised with 10ug/mL a-toxin. Both data sets are
normalised as % of control peak contraction to agonist in intact preparation, as
indicated in (a). n=5 and 6 for UTP and UDP in intact vessels, respectively and n=20
for both nucleotides in permeabilised vessels. Data are shown as mean + S.E.M.
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Figure 6.11. Effect of GF109203X on contractions evoked by pCa 6.5, UTP and
UDP in a-toxin-permeabilised endothelium-denuded rat SPA. a) The trace shows
the effect of adding 10uM GF109203X for 20 min once the contraction of
a-toxin-permeabilised rat SPA evoked by 300uM UTP had reached a peak. UTP was
applied after the contraction induced by pCa 6.5 had reached its peak. z indicates
where contraction amplitude was measured, 20 min after adding GF109203X.
Agonist and GF109203X addition, and free [Ca2+] are indicated by the thick and thin
black solid bars, respectively. b) shows the mean contractions to 1) pCa 6.5, ii) UTP
and iii) UDP (both 300uM) in the absence and presence of GF109203X for 20 min
application following the peak responses. The control and treated groups were
obtained from separate preparations. n=4 for all. Contractions are expressed as % of
the peak response. Data are shown as mean + S.E.M.
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Figure 6.12. Effect of GF109203X on contractions evoked by PMA in
a-toxin-permeabilised endothelium-denuded rat SPA. a) The trace shows the
effect of adding 10uM GF109203X for 20 min once 10uM PMA had been added for
60 min in the o-toxin-permeabilised rat SPA. PMA was applied after the contraction
induced by pCa 6.5 had reached its peak. z indicates where contraction amplitude
was measured 20 min after adding GF109203X. PMA and GF109203X addition, and
free [Ca®*] are shown by the thick and thin black solid bars, respectively. b) shows
the mean contractions to PMA in the absence and presence of GF109203X for 20
min application after 60 min addition of PMA, obtained from similar tissue. n=4.
Data are shown as mean + S.E.M.
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2.4. Effects of Post-Addition of U73122 and Suramin on Contractions Evoked by
pCa 6.5, UTP and UDP

The involvement of PI-PLC in the Ca®* sensitisation-dependent contractions of
UTP and UDP was investigated by applying U73122 after the contractile response
reached a maximum level (as described in the above Section 2.2). 10uM U73122 had
no significant effect on the UTP-evoked contraction (Figure 6.13). U73122 did not
appear to induce a clear relaxation of the UDP-induced tone in any of four tissues
(Figure 6.13), but nonetheless it significantly reduced the contractions evoked by
UDP by about 20% compared to the time-matched control response (n=4, P<0.05).

Finally, the effects of the P2 receptor antagonist suramin were investigated, as it
was shown to inhibit part of the response to UTP and UDP in intact rat SPA, with a
maximal effect at 100uM (Chootip et al., 2002). Therefore, it was investigated if the
Ca’" sensitisation component in permeabilised preparations was suramin-sensitive or
-insensitive. 100uM suramin significantly diminished contractions evoked by pCa
6.5 and UTP by about 50% (n=4, P<0.05) and 30% (n=4, P<0.05), respectively,
compared to the time-matched control response (Figure 6.14b). In addition, 100uM
suramin abolished the UDP-evoked contractions in three out of four tissues (Figure
6.14) although the remaining preparation appeared to be unaffected. Moreover, the
resultant tone of the three affected tissues was dropped below the tension induced by
pCa 6.5 by 81 £+ 30% of the peak contraction to pCa 6.5.

Thus, PI-PLC appears to contribute modestly to the Ca®* sensitisation evoked by
UDP, but such contribution was absent in the UTP response. In addition, the
contractions induced by pCa 6.5 and UTP and UDP were inhibited by suramin and

this antagonistic effect appears to be greater against UDP.
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Figure 6.13. Effect of U73122 on contractions evoked by UTP and UDP in
a-toxin-permeabilised endothelium-denuded rat SPA. The mean peak amplitude
of contractions to UTP and UDP in the absence and presence of 10uM U73122 for
20 min application following the peak responses. The control and treated groups
were obtained from different preparations. n=4 for all data groups. The data represent
the actual contraction amplitudes of both nucleotides, i.e. without the initial response
to pCa 6.5, and are expressed as a % of the peak response as mean + S.E.M. *P<0.05
for the treated group versus control.
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Figure 6.14. Effect of suramin on contractions evoked by pCa 6.5, UTP and
UDP in a-toxin-permeabilised endothelium-denuded rat SPA. a) The trace shows
the effect of adding 100uM suramin for 20 min once the contractions evoked by
300uM UDP in a-toxin-permeabilised rat SPA had reached a peak. UDP was applied
after the contractions induced by pCa 6.5 had reached its peak. UDP and suramin
addition, and free [Ca2+] are indicated by the thick and thin black solid bars,
respectively. b) The mean peak amplitude of contractions of pCa 6.5, UTP and UDP
in the absence and presence of 100uM suramin 20 min after their peak responses are
shown. The control and treated groups for pCa 6.5, UTP and UDP were obtained
from different preparations. n=4 for all. The data represent the actual contraction
amplitudes of UTP and UDP, i.e. without the initial response to pCa 6.5, and are
expressed as a % of the peak response. Data are shown as mean + S.E.M. *P<0.05
for treated groups versus control.
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3. DISCUSSION

In this chapter Ca®* concentration-response curves were generated in the
a-toxin-permeabilised rat SPA with a maximum response at pCa 4.5. At pCa 6.5,
UTP and UDP evoked contractions in permeabilised tissues, which decayed slowly.
Y27632 abolished the contractions evoked by UTP and UDP, and substantially
inhibited the response to pCa 6.5. Moreover, it also caused a right shift of the
[Ca®*]-force relationship curve. In contrast, the responses to both nucleotides, pCa
6.5, and the Ca** concentration-response curves were unaffected by GF109203X.
U73122 modestly inhibited the response to UDP, but had no effect on UTP-evoked
contractions. Suramin reduced the contractions induced by pCa 6.5, UTP and UDP,

although the reduction was more prominent against the UDP-evoked response.

3.1. Characterisation of Ca®*-Force Relationship and Agonist Responses in
a-Toxin-Permeabilised Rat SPA

Initially, cumulative Ca** concentration-response curves were generated in the
a-toxin-permeabilised SPA to examine the relationship between [Ca2+] and force
production. The tissue started to contract at pCa 7.0, and continued to contract
following each further increase of [Ca®*], until a peak was reached at pCa 4.5. The
ECso and Hill slope of the curve were 336nM and 2.67, respectively. This pattern of
results was comparable with a previous permeabilisation study in the same vessel
(Thomas et al., 2005) where the ECsy of the [Ca2+]—force curve was 240nM. In
permeabilisation studies in other tissues, such as rabbit pulmonary artery (Crichton et
al., 1997) and pig portal vein (Kitazawa et al., 1989) the ECs, values for [Ca2+]—f0rce
curve were 719nM and ~1000nM, respectively. In addition, the peak response in the
present study was induced at a [Ca®"] that typically produces a maximum response in
permeabilised preparations (Horiuti, 1986; lizuka et al., 1994). Since increasing the
[Ca®*] of the buffer in a similar fashion did not produce any response in
unpermeabilised tissues these data clearly indicate that membrane permeabilisation
by a-toxin had been achieved.

Next, the contractions induced by pCa 6.5, UTP, UDP and PMA in permeabilised
preparations were characterised. First, UTP and UDP were added at pCa 9.0, but no

response was observed. This is consistent with previous reports that raised [Ca®'] is
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needed for GPCR agonists to induce contraction (Evans, ef al., 1999; Jernigan et al.,
2004; Wilson et al., 2005; Knock et al., 2008), therefore, [Ca2+] was raised to pCa
6.5. This in itself induced a peak contraction of about half of the maximum (pCa 4.5)
response. Likewise, addition of UTP and UDP at pCa 6.5 also evoked a peak
contraction of about 30 and 40%, respectively, of the response produced before
permeabilising the tissue. These findings are the first to report that UDP evoked
contractions in the permeabilised smooth muscle. Moreover, the Ca’* sensitisation-
mediated contractions to UTP seen here are consistent with a previous study in rat
pulmonary artery (Jernigan et al., 2004). All of the above contractions decayed
slowly and it was apparent in the UTP- and UDP-evoked contractions that a
significant reduction of about 70% was noted 40 min after peak. In contrast, addition
of PMA at pCa 6.5 did not evoke any additional response, even after 60 min
exposure. This result conflicts with a previous report (Jernigan et al., 2004) that
showed a contraction to PMA (maximum concentration at 1uM) addition in the
permeabilised rat pulmonary artery. Thus, the present results appear to suggest that
PKC cannot be activated in the permeabilised rat SPA. However, as will be discussed
below, this is not necessarily the case. Overall, all the above responses decayed
slowly, therefore, to minimise the influence of decay the effect of an inhibitor was
measured 20 min after its addition. Additionally, these responses were then

compared statistically against time-matched control responses.

3.2. Involvement of Rho kinase and PKC in Contractions Evoked by Elevation
of [Ca2+], UTP and UDP in a-Toxin-Permeabilised Rat SPA

Y27632 shifted the [Ca®*] concentration-response curve to the right and inhibited
the response to pCa 6.5 by about 45%. These results indicate a clear involvement of
Rho kinase in sensitising the Ca**-force relationship in rat SPA. Additionally, it
implies the presence of constitutively active Rho kinase, which mediates this effect.
Similar effects of Y27632 have been reported previously in permeabilised rat
pulmonary artery (Knock et al., 2008) and mouse femoral artery (Bonnevier &
Arner, 2004). Furthermore, Tsai & Jiang, (2006) and Dimopoulos et al., (2007)
demonstrated that the basal level of phosporylated MYPT-1 was substantially
reduced by Y27632, which further supports the existence of constitutively active Rho
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kinase in the unstimulated unpermeabilised tissue. However, it should be noted that
Rho kinase in the present study could also have been activated by the stimulation of
P2Y receptors, as the tissues was exposed to the ATP-containing permeabilising
buffer. Indeed, Wilson er al., (2005) examined the levels of RhoA in the
unstimulated intact and a-toxin-permeabilised rat tail artery, and found a low level of
activated RhoA (RhoA/GTP complex) in the permeabilised preparation, which was
absent in the intact tissue. The use of P2Y receptor antagonists to block the
pharmacological action of ATP might be able to address this issue, but at present
there is a lack of selective P2Y antagonists.

The current study also found that Y27632 abolished the contractions to both UTP
and UDP in the permeabilised tissues. Furthermore, in both cases the tone dropped
below that established by pCa 6.5. This indicates that Rho kinase fully mediates the
Ca’" sensitisation component of P2Y receptor-mediated vasoconstriction of rat SPA,
consistent with the data presented in Chapter 4 that showed a role of Rho kinase in
P2Y receptor-mediated contractions of intact tissues. Indeed, the inhibitory effect of
Y27632 against the response to UTP and UDP in the intact vessel was comparable
with the peak response to these agonists in the permeabilised preparation, further
supporting the contribution of Rho kinase in mediating the Ca®™ sensitisation
components of P2Y receptor-evoked contractions. Additionally, the drop of basal
tension below the level induced by pCa 6.5 again provides further evidence of the
existence of constitutively active Rho kinase in the rat SPA. The present observation
is in good agreement with a previous report (Jernigan et al., 2004) showing virtual
abolition of UTP-evoked vasoconstriction by Y27632 in membrane-permeabilised
preparations of rat pulmonary artery. Rho kinase-mediated Ca** sensitisation was
also observed in contractions of rat pulmonary artery evoked by SPC (Thomas et al.,
2005) and PGF,, (Knock et al., 2008), and of rat tail artery evoked by the
thromboxane A; analogue U-46619 (Wilson et al., 2005).

The present study, however, did not observe any effect of GF109203X on the
[Ca2+]—force relationship or the contractions in response to either nucleotides. This
clearly indicates a lack of PKC involvement in Ca®* sensitisation, consistent with
Jernigan et al., (2004), who failed to establish any PKC influence in UTP-evoked

vasoconstriction of membrane-permeabilised rat pulmonary artery. PMA did not
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induce vasoconstriction, but addition of GF109203X induced a clear relaxation in the
presence of PMA, therefore PMA may well evoke vasoconstriction, but it is masked
by slow decline of contraction. Thus, the PKC influence in both UTP- and
UDP-evoked responses observed earlier (Chapter 4) appears to involve pathways

other than those associated with Ca>* sensitisation.

3.3. Effects of U73122 and Suramin on Contractions Evoked by pCa 6.5, UTP
and UDP in a-Toxin-Permeabilised Rat SPA

U73122 had no effect of the UTP-evoked contraction, but reduced the
contractions evoked by UDP by about 20%. This suggests that a role of PI-PLC in
Ca®" sensitisation of P2Y receptor-mediated contractions is restricted to the UDP-
sensitive P2Y receptors. This finding was rather unexpected considering the results
discussed above in which Ca®* sensitisation induced by P2Y receptors was mediated
solely by Rho kinase, and not PKC, a downstream effector of PI-PLC. Moreover, as
outlined in Chapter 4, the signalling pathway that lead to the activation of Rho kinase
usually involve stimulation of receptor coupling to Gaj2/13 (Buhl et al., 1995; Somlyo
& Somlyo, 2000; Suzuki et al., 2003, 2009), rather than Gag/1, which stimulates
PI-PLC. Interestingly, Vogt et al., (2003) did find a role for Gog1 in the activation
of RhoA, but it was unaffected by U73122. Rather this RhoA activation was
associated with a family of RhoGEF protein leukemia-associated Rho guanine
nucleotide exchange factors. How PI-PLC contributed to the UDP-evoked response
in the present study is unclear and warrants further study.

The present study showed that suramin reduced contractions evoked by pCa 6.5
and UTP by about 40% and 30%, respectively and abolished the UDP-evoked
contractions in three out of four tissues, such that the tone fell below the tension
induced by pCa 6.5 prior to UDP addition. These results indicate that suramin might
influence the Ca**-force relationship. Additionally, these findings also imply that the
Ca’" sensitisation-dependent contractions to UDP in particular, and UTP to a lesser
extent, can be mediated via suramin P2Y-sensitive receptors. Suramin was found to
have no effect on UTP-and UDP-evoked contractions of rat pulmonary artery, but
abolished the contractions to ATP (Rubino et al., 1999). However, Chootip et al.,
(2002) showed the response to both UTP and UDP in rat SPA was partially inhibited
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by suramin, thus indicating that UTP and UDP act at at least two types of receptor,
1.e. suramin-sensitive and suramin-resistant receptors. Consistent with these findings,
the current results indicate that the Ca®* sensitisation-dependent contractions can be
evoked at least via a suramin-sensitive UDP receptor and suramin-resistant UTP
receptor. Since the P2Y¢ receptor is highly selective for UDP (Nicholas et al., 1996),
it is probable that the suramin-sensitive UDP receptor is in fact the P2Y¢ receptor.
Compatible with this view, Nishida er al., (2008) found that RhoA activation in
mouse heart was mediated by stimulation of the P2Y, receptor. However, caution
needs to be exercised when interpreting the effect of suramin in the membrane-
permeabilised preparation. Suramin is a large molecule with multi-charged groups
and has been shown to interact with various intracellular proteins, such as G proteins
to inhibit their activity (Lambrecht et al., 2002). Thus, it cannot be ruled out that the
effect of suramin in the present study might have been masked by its non-specific
activities, since it can readily gain access into the intracellular compartment via
a-toxin pores. The inhibitory effect of suramin on the contractions induced by pCa
6.5 alone is consistent with this. In summary, UTP and UDP act mainly at its
suramin-resistant and suramin-sensitive P2Y receptors, respectively, to induce Ca*

sensitisation-dependent contractions via Rho kinase activation.
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Chapter 7:

Profile of INS45973-, INS48823-
and 3-phenacyl UDP-evoked
responses in intact and
membrane-permeabilised
preparations
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1. INTRODUCTION

The contractile studies of P2Y receptor-mediated vasoconstriction of pulmonary
artery are largely dependent on the use of endogenous agonists, and so far three
distinct receptors, the P2Y,, P2Y4 and P2Y, receptors, have been identified on the
basis of their sensitivity towards UTP and UDP. However, these agonists are
relatively unselective, as they can activate more than one of these three P2Y
subtypes. Additionally, RT-PCR revealed the presence of P2Y,, P2Y, and P2Y
mRNA in this tissue (Konduri et al., 2004; Gui et al., 2008). Thus, it still remains
unclear which of the P2Y subtypes are actually involved in mediating contractions
evoked by these endogenous agonists.

The progress of designing selective P2Y agonist has led to the development of
several compounds, including INS45973, INS48823 and 3-phenacyl UDP, which
show improved selectivity for P2Y receptors subtypes. INS45973 is an analogue of
the naturally occurring dinucleotide P2Y agonist UpsA (Jacobson et al., 2009;
Jankowski ef al., 2009). While inactive at the human P2Y, receptor, this agonist is
highly potent at the recombinant human P2Y, and P2Y, receptors, but not P2Ye
receptors in elevating [Ca**]; (ECso of 0.52, 0.28 and >10uM for P2Y,, P2Y, and
P2Y¢ receptors, respectively) (Shaver et al., 2005). Moreover, it was found to be
effective in stimulating vaginal moisture in the ovariectomised rabbit via P2Y,
receptor activation (Min et al., 2003), and has been shown to activate presynaptic
inhibition of glutamate release from the nerve terminal in rat hippocampus via P2Y,
and/or P2Y, receptors (Rodrigues et al., 2005).

Another dinucleotide P2Y agonist INS48823 has a high potency at the
recombinant human P2Y receptor (ECsg of 0.125uM) with no appreciable activity at
P2Y,, P2Y, or P2Y, receptors, in inducing the elevation of [Ca2+]i (Korcok et al.,
2005). In human dendritic cells, INS48823 was shown to induce the release of
chemokine CCL20 with an ECsg of 12.7 + 4.4uM (Marcet et al., 2007). The same
study also found that at 100uM, INS48823 was more effective than UDP in
stimulating CCL20 release in the human airway epithelial cells. Likewise, INS48823
induced higher rabbit oestoclast survival than UDP at 10uM for both agonists
(Korcok et al., 2005). However, INS48823 and UDP were equi-effective in inducing

CI secretion in the mouse trachea (Schreiber & Kunzelmann, 2005).
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3-phenacyl UDP is also a much more potent agonist at the recombinant human
P2Ys receptor than at P2Y, and P2Y, receptors for inducing an increase in
[*Hlinositol phosphates (ECsp = 40, >100 and 0.07uM at P2Y,, P2Y, and P2Yg
receptors, respectively) (El-Tayeb et al., 2006). Moreover, it failed to induce a rise of
intracellular Ca** at concentrations of up to 10pM in rat basophilic leukemia-2H3
cells, which express an abundant level of native P2Y 4 receptor compared to P2Y>,
P2Y4 and P2Y receptors (Gao et al., 2010). Kauffenstein et al., (2010) have recently
shown that 3-phenacyl UDP evoked vasoconstriction of thoracic aorta from the
transgenic mice lacking NTPDasel with the potency of about 20-fold lower than
UTP and UDP (ECsp = 22.8 £+ 12.4uM, 1.06 £ 0.64uM, 1.76 = 0.94uM for
3-phenacyl UDP, UTP and UDP, respectively).

It is clear that the development and use of selective P2Y agonists is essential to
improve our understanding of which particular P2Y subtypes are involved in
mediating vasoconstriction of rat SPA. Therefore, the aim of this chapter was to
further characterise the P2Y receptor-mediated vasoconstriction of rat SPA by using
the above three compounds, i.e. INS45973, INS48823 and 3-phenacyl UDP. In the
first part of the study the profile of the contractile responses evoked by these
compounds in the intact preparation was established, and in the second part, the
characterisation of these responses was further performed in the permeabilised
vessels. In both parts, the effects of Y27632 and suramin on the agonist-induced

contractions were also investigated.
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2. RESULTS
2.1 Intact Rat SPA
2.1.1 Contractile Responses of INS45973, INS48823 and 3-Phenacyl UDP

Cumulative concentration-response curves for INS45973, INS48823 and
3-phenacyl UDP (1 — 300uM) were generated to determine the potency of these
compounds and then compared with the endogenous agonists UTP and UDP.
INS45973, INS48823 and 3-phenacyl UDP each evoked contractions that rapidly
reached a maintained peak within several minutes (Figure 7.1). INS45973 and
INS48823 generated similar concentration-response curves, which appeared to nearly
reach a plateau (Figure 7.1, 7.2). In contrast, the curve to 3-phenacyl UDP was
shallower and clearly still rising at the highest concentration applied. As observed
with UTP and UDP in Chapter 5, the concentration-response curves did not reach a
maximum (Figure 7.1, 7.2), and so ECsy values could not be determined. Therefore,
the concentration of agonists that induced 40% of 40mM KCI response (ECsok) was
used to compare the potency of the agonists (Chootip et al., 2002). Additionally, it
was noted that the EC4ox of the above agonists evoked contractions below 50% of
their responses at 300uM, thus the concentration of agonists that induced 80% of
40mM KCI response (ECgox) was also used to further compare the potency of the
agonists. EC4x and ECgok values for both UTP and UDP were also determined
before comparing them with the synthetic agonists.

The potencies of all three synthetic agonists were comparable, as the EC4ox and
ECsok values of both INS45973 and INS48823 were not significantly different from
3-phenacyl UDP (Table 7.1). In contrast, INS45973 was significantly more potent
than both UTP (P<0.05 for ECgyx) and UDP (P<0.01 and P<0.05 for EC4k and
ECsok, respectively). In addition, INS48823 was also significantly more potent than
both UTP and UDP at the ECsox level (P<0.05 for both). However, the potency of
3-phenacyl UDP was not significantly different from that of UTP and UDP.
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Figure 7.1. Vasoconstriction of intact, endothelium-denuded rat SPA to
INS45973, INS48823 and 3-phenacyl UDP. Original traces of the contractions of
rat SPA to 40mM KCI and subsequently to cumulative addition of a) INS45973, b)
INS48823 and c) 3-phenacyl UDP, obtained in different tissues, are shown. Addition
of KCl and agonists, is indicated by the horizontal bars.
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Figure 7.2. Contractile responses of intact, endothelium-denuded rat SPA to
P2Y agonists. Cumulative concentration-response curves to INS45973 (A),
INS48823 ('¥), 3-phenacyl UDP (e), UTP (A) and UDP (o) (1uM — 300uM for all),
expressed as % of response to 40mM KCIl, are shown. n=5 for INS45973, n=4 for
INS48823 and 3-phenacyl UDP, n=12 for UTP and n=11 for UDP. Each point
indicates mean + S.E.M.

Table 7.1. The potency of P2Y agonists in evoking contractions of intact,
endothelium-denuded rat SPA.

Agonist EC40x ECsok N
INS45973 13 (9 —18) 32 (18 —46)*¢ 5
INS48823 24 (15 -37) 47 (32 - 62)*o 4

3-phenacyl UDP 27 (7 —48) 92 (41 — 144) 4
uTP 65 (34 -97) 211 (124 - 299) 12
UDP 85 (59 -112) 208 (154 — 263) 11

Values of EC4ox and ECsox are expressed as mean (95% confidence limits) (uM) for
contractions evoked by INS45973, INS48823, 3-phenacyl UDP, UTP and UDP in
the rat SPA. n values for each agonist are shown in the individual n column. P"P<0.01
for ECyox values of INS45973 versus UDP. *P<0.05 and ¢P<0.05 for ECgox values
of synthetic agonists versus UTP and UDP, respectively.
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2.1.2. Effects of Y27632 and Suramin on Peak Contractions Evoked by INS45973,
INS48823 and 3-Phenacyl UDP

The involvement of Rho kinase in, and the effect of suramin on the contractions
evoked by INS45973, INS48823 and 3-phenacyl UDP were investigated using a
single concentration of each agonist. 30uM INS45973, 50uM INS48823 and S0uM
3-phenacyl UDP evoked peak contractions of similar amplitudes (Figure 7.3), which
were not different from the mean responses evoked by 300uM UTP and 300uM
UDP. Preincubation of tissues with 10uM Y27632 for 15 min beforehand
significantly reduced the peak amplitude of contractions evoked by INS45973,
INS48823 and 3-phenacyl UDP by 64.9 + 4.0% (n=4), 33.4 £ 12.2% (n=4) and 44.1
+4.6% (n=4) (P<0.05 for all), respectively (Figure 7.4a). Interestingly, the inhibitory
effect of Y27632 was significantly larger against contractions evoked by INS45973
compared with INS48823 (P<0.05) (Figure 7.4b).

Application of 100uM suramin substantially inhibited the peak amplitude of
contractions evoked by INS45973, INS48823 and 3-phenacyl UDP by 76.3 + 13.3%
(n=4, P<0.05), 82.9 £ 4.0% (n=4, P<0.01) and 80.5 * 9.4% (n=4, P<0.05),

respectively (Figure 7.5). There was no significant difference between these values.
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Figure 7.3. Vasoconstriction of intact, endothelium-denuded rat SPA evoked by
INS45973, INS48823 and 3-phenacyl UDP. Mean peak contractile responses of rat
SPA evoked by 30uM INS45973, 50uM INS48823 and 50uM 3-phenacyl UDP, are
shown. n=20 and 21 for INS45973 and 3-phenacyl UDP, and INS48823,
respectively. Data are expressed as mean + S.E.M.
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Figure 7.4. Effect of Y27632 on peak contractions evoked by INS45973,
INS48823 and 3-phenacyl UDP in intact, endothelium-denuded rat SPA. a) The
mean peak contraction amplitude of 30uM INS45973, 50uM INS48823 and 50uM
3-phenacyl UDP before and after 15 min preincubation with 10uM Y27632, are
shown. b) shows the effect of Y27632, expressed as a % of the control contractions
obtained before the inhibitor was added. n=4 for all. Contractions are shown as mean
+ S.E.M. *P<0.05 in (a) for the response in the presence of Y27632 compared with
the control, and *P<0.05 in (b) for the effect of Y27632 against INS45973 versus
against INS48823.
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Figure 7.5. Effect of suramin on peak contractions evoked by INS45973,
INS48823 and 3-phenacyl UDP in intact, endothelium-denuded rat SPA. a) The
mean peak contraction amplitudes of 30uM INS45973, 50uM INS48823 and 50uM
3-phenacyl UDP before and after 15 min preincubation with 100uM suramin, are
shown. b) shows the effect of suramin, expressed as a % of the control contractions
obtained before the inhibitor was added. n=4 for INS45973 and 3-phenacyl UDP and
n=5 for INS48823. Contractions are shown as mean + S.E.M. *P<0.05 and **P<0.01
for the response in the presence of suramin compared with the control.
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2.2. Membrane-Permeabilised Rat SPA
2.2.1. Characterisation of Contractions Evoked by INS45973, INS48823 and
3-Phenacyl UDP

The same experimental protocol used in Chapter 6 was applied here to study the
response to INS45973, INS48823 and 3-phenacyl UDP in permeabilised preparations
and the effect of Y27632 and suramin on these responses. As shown in Figure 7.6 to
7.8, intact tissues were first challenged with 40mM KCI and then twice with one of
the agonists, and in each case these additions evoked consistent responses. Following
permeabilisation, 30uM INS45973 evoked a contraction, which reached a peak in
about 10 min, with an amplitude of 44 + 7mg (n=12) and that was 15.4 £ 2.7% of the
response before permeabilisation (P<0.001) (Figure 7.6a, b). The time-course of
contraction was studied further in four tissues (Figure 7.6c). The contraction was not
maintained and the tone decayed steadily such that at 20 min it was similar to that
immediately prior to addition of INS45973 (-11.4 + 30.2% of peak) and 40 min it
was substantially below that level (-221.1 £ 90.9% of peak).

Adding 50uM INS48823 evoked a peak contraction in about 20 min with an
amplitude of 75 + 10mg (n=12), which was 21.1 + 2.6% of the response before
permeabilising the tissue (P<0.001) (Figure 7.7a, b). In four tissues, the time-course
of contraction was studied further (Figure 7.7¢). The contraction showed some decay
over 40 min, but was more maintained than the response to INS45973. It decreased
to 78.0 = 10.1% and 35.1 + 12.5% after 20 and 40 min, respectively, of reaching its
peak, though these reductions were not statistically significant.

A contraction was also produced in response to S0uM 3-phenacyl UDP that
reached a peak in about 10 min with an amplitude of 94 + 11mg (n=12), which was
equivalent to 42.1 + 6.7% of the response before permeabilisation (P<0.001) (Figure
7.8a, b). The time-course of contraction was also further studied in four of the tissues
(Figure 7.8c). The contraction decayed slowly and at 20 min it was 56.6 + 9.1% of
the peak response (P<0.05) and at 40 min the tone was similar to that immediately

prior to addition of 3-phenacyl UDP (-16.9 + 21.2% of peak).
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Figure 7.6. Vasoconstriction evoked by INS45973 in endothelium-denuded rat
SPA treated with a-toxin. a) The traces show the typical contractions of rat SPA
induced by 40mM KCl and 30uM INS45973 (twice) in the intact tissue, and
subsequently by 30uM INS45973 at pCa 6.5 after permeabilising the tissue with
10pg/mL a-toxin. PSS was replaced by permeabilising buffer, as shown by the black
arrows. Agonist additions and free [Ca2+] are indicated by the thick and thin black
solid bars, respectively. b) shows the mean amplitude of the peak of contractions to
INS45973 in intact and permeabilised rat SPA. The INS45973 response in the latter
condition was measured by subtracting the contraction amplitude of pCa 6.5. ¢) The
mean contractions to INS45973 at pCa 6.5 in the permeabilised vessels measured at
peak and 20 and 40 min after that, are shown. n=12 and 4 for data in (b) and (c),
respectively. Data are expressed as mean +* S.E.M. ***P<0.001 for the peak
responses in permeabilised versus intact tissues.
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Figure 7.7. Contractile response of INS48823 in a-toxin-permeabilised
endothelium-denuded rat SPA. a) The traces show the contractions of rat SPA
evoked by 40mM KCI and 50uM INS48823 (twice), and S50uM INS48823 (at pCa
6.5), before and after permeabilisation with 10pug/mL a-toxin, respectively. PSS was
replaced by permeabilising buffer, as shown by the black arrows. Agonist additions
and free [Ca’*] are indicated by the thick and thin black solid bars, respectively. b)
shows the mean amplitude of the peak of contractions to INS48823 in intact and
permeabilised rat SPA. The INS48823 response in the latter condition was obtained
by subtracting the response to pCa 6.5. c) The mean contractions of INS48823 at pCa
6.5 in the permeabilised vessels measured at peak and 20 and 40 min later, are
shown. n=12 and 4 for data in (b) and (c), respectively. Data are expressed as mean +
S.E.M. ##*¥P<0.001 for the peak responses in permeabilised versus intact tissues.
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Figure 7.8. Contractions to 3-phenacyl UDP in a-toxin-permeabilised
endothelium-denuded rat SPA. a) The traces show the contractions of rat SPA
evoked by 40mM KCI and 50uM 3-phenacyl UDP (twice), and 50uM 3-phenacyl
UDP (at pCa 6.5), before and after permeabilisation with 10ug/mL o-toxin,
respectively. PSS was replaced by permeabilising buffer, as shown by the black
arrow. Agonist additions and free [Ca2+] are indicated by the thick and thin black
solid bars, respectively. b) shows the mean amplitude of the peak of contractions to
3-phenacyl UDP in both intact and permeabilised of rat SPA. The 3-phenacyl UDP
response in the latter condition is obtained by subtracting the response to pCa 6.5. ¢)
The mean contractions of 3-phenacyl UDP at pCa 6.5 in the permeabilised vessel
measured at peak and 20 and 40 min later, are shown. n=12 and 4 for data in (a) and
(b), respectively. Data are expressed as mean + S.E.M. ***P<0.001 in (a) for the
peak responses in permeabilised versus intact tissues, and *P<0.05 in (b) for the
responses at 20 min after peak versus at peak.

174



2.2.2. Effects of Y27632 and Suramin on Contractions Evoked by INS45973,
INS48823 and 3-Phenacyl UDP

The data in the previous section show that the responses to INS45973, INS48823
and 3-phenacyl UDP undergo time-dependent decay. Therefore, similar measures as
in Chapter 6 were applied when investigating the effect of an inhibitor on these
responses. Y27632 and suramin were applied once the agonist-induced contractions
reached a peak. The degree of inhibition induced by the inhibitors was then measured
20 min later, and compared with the control responses measured 20 min after the
peak response.

Application of 10uM Y27632 for 20 min caused a clear rapid relaxation from the
peak contractions evoked by 30uM INS45973, 50uM INS48823 and 50uM
3-phenacyl UDP (n=4 for all) (Figure 7.9) and in all cases vessel tone dropped
significantly and substantially below the level established by pCa 6.5 (P<0.01 for
all). Thus, it is apparent that Ca** sensitisation-mediated contractions of all three
agonists were fully dependent on Rho kinase.

To determine if the contribution of Ca®* sensitisation was the same in
permeabilised and intact tissues the amplitude of the agonist-induced responses in
permeabilised preparations, expressed as a percentage of the earlier response in same
tissue before permeabilisation, was compared with the percentage inhibition of the
control response of unpermeabilised tissues induced by Y27632, as shown in Figure
7.4b. The calculation of the percentage of Ca®* sensitisation components in both
intact and permeabilised preparations is demonstrated in Figure 7.10a. Figure 7.10b
shows that for INS48823 and 3-phenacyl UDP there was no significant difference
between these measurements and Ca>* sensitisation contributed approximately 30%
and 40% of their peak responses, respectively. However, the reduction of INS45973
by Y27632 in intact tissues was substantially and significantly greater (P<0.001) than
the response seen in permeabilised tissues.

When the contraction amplitude 20 min after addition of 100uM suramin was
compared with control responses at the same time-point, no significant difference
was seen for the contractions evoked by 30uM INS45973, 50uM INS48823 and
50uM 3-phenacyl UDP 20 min after addition (Figure 7.11). Thus, suramin appeared

to be ineffective against the responses to these agonists.
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Because control responses to INS45973 almost fully decayed by 20 min after
peak the effects of suramin were also measured 10 min after peak and compared with
the control responses at the same time point. Under control conditions the contraction
to 30uM INS45973 decayed by 31.3 + 7.6% (n=4) and this was not significantly
affected by 100uM suramin, where the corresponding value was 30.5 £ 7.7% (n=4).
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Figure 7.9. Effect of Y27632 on contractions evoked by INS45973, INS48823
and 3-phenacyl UDP in a-toxin-permeabilised endothelium-denuded rat SPA. a)
Typical trace of vasoconstriction to 50uM INS48823 in a-toxin-permeabilised rat
SPA after treatment with 10uM Y27632, applied once the response reached a peak,
is shown. Points x, y and z indicate the peak contraction to pCa 6.5, INS48823 and
20 min after adding Y27632, respectively. Additions of agonists and Y27632, and
free [Ca®*] are shown by the thick and thin black solid bars, respectively. b) shows
the mean amplitude of; contractions to pCa 6.5 (x), the total peak response after
subsequent addition of 30uM INS45973, 50uM INS48823 and 50uM 3-phenacyl
UDP (y), and the contractions remaining following treatment with Y27632 (z). n=4
for all. Data are shown as mean + S.E.M. **P<0.01 for the difference between the
peak response to pCa 6.5 plus agonist (y) and the remaining contractions after 20 min
application of Y27632 (z).
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Figure 7.10. Comparison of the amplitude of the Ca®* sensitisation components
of contractions evoked by INS45973, INS48823 and 3-phenacyl UDP in intact
and permeabilised endothelium-denuded rat SPA. a) shows the calculation for the
% of Ca* sensitisation components of an agonist in intact (CaS;) and permeabilised
(CaSp) rat SPA. b) The mean reduction of peak contraction amplitude of 30uM
INS45973, 50uM INS48823 and 50uM 3-phenacyl UDP in intact rat SPA after 15
min preincubation with 10uM Y27632, and the mean amplitude of peak response of
the agonists at the same concentrations obtained in vessel permeabilised with
10pg/mL o-toxin. Both data sets are normalised as % of control peak contraction to
agonist in intact preparation, as indicated in (a). n=4 and 12 for intact and
permeabilised vessels, respectively. Data are shown as mean + S.E.M. *** P<0.001
for the effect of Y27632 against INS45973 in intact tissues versus peak response to
INS45973 in permeabilised vessel.
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Figure 7.11. Effect of suramin on contractions evoked by INS45973, INS48823
and 3-phenacyl UDP in a-toxin-permeabilised endothelium-denuded rat SPA. a)
The trace shows a contraction to S0uM 3-phenacyl UDP in a-toxin-permeabilised rat
SPA, and the effect of 100uM suramin, added once the response reached a peak.
Addition of agonists and suramin, and the level of free [Ca®*] are shown by the thick
and thin black solid bars, respectively. b) shows the mean peak amplitude of
contractions to 30pM INS45973, 50uM INS48823 and 50uM 3-phenacyl UDP in the
absence and presence of 100uM suramin, 20 min after peak response, obtained from
different preparations. n=4 for all. The data represent the actual contraction
amplitudes of agonists, i.e. without the initial response to pCa 6.5, and are expressed
as a % of the peak response. Data are shown as mean + S.E.M.
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3. DISCUSSION

INS45973, INS48823 and 3-phenacyl UDP evoked vasoconstriction of the intact
rat SPA, but only the first two compounds had greater potencies than the endogenous
P2Y agonists UTP and UDP. Preincubation with Y27632 and suramin reduced the
contractions evoked by all three agonists. In the o-toxin-permeabilised vessels,
INS45973, INS48823 and 3-phenacyl UDP evoked peak contractions that decayed
steadily over 40 min and the extent of decay was greater for INS45973. The

responses to all three agonists were abolished by Y27632, but unaffected by suramin.

3.1. Potency of INS45973, INS48823 and 3-Phenacyl UDP in Evoking
Contractions of Intact Rat SPA and Characterisation of the Responses in
a-Toxin-Permeabilised Rat SPA

The cumulative concentration-response curves for INS45973, INS48823 and
3-phenacyl UDP showed that their potencies were comparable as the ECsx and
ECsok values of both INS45973 and INS48823 were not significantly different from
3-phenacyl UDP. In contrast, INS45973 was significantly more potent than UTP at
the level of ECsox and UDP at the level of EC4ox and ECgox values. In addition,
INS48823 was also significantly more potent than both UTP and UDP at the level of
ECsok value. However, the potency of 3-phenacyl UDP was not significantly
different from that of UTP and UDP. The potencies of these three agonists and/or
their closely related analogues had been mostly studied in the cell lines expressing
recombinant P2Y receptors, and the results showed that INS45973 was selective for
the P2Y, and P2Y, receptors over the P2Y, and P2Y receptors, whereas INS48823
and 3-phenacyl UDP were selective for P2Y receptor over the P2Y, and P2Y,
receptors (Pendergast et al., 2001; Yerxa et al., 2002; El-Tayeb et al., 2006; Ko et
al., 2008). Additionally, in these studies the potencies of the compounds were
generally equivalent, if not lower than UTP and UDP. Furthermore, INS48823 and
UDP induced a comparable level of NF-«B translocation and survival in oestoclasts
(Korcok et al., 2006). Thus, conflicting with the previous findings, the current study
is the first to find that these synthetic P2Y agonists are more potent than their

endogenous counterparts, at least in evoking vasoconstriction of rat SPA.
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Consistent with the procedure followed in Chapter 6, the contractions to
INS45973, INS48823 and 3-phenacyl UDP were first characterised before
investigating the effect of an inhibitor against the responses to these agonists, in the
membrane-permeabilised rat SPA. Addition of INS45973, INS48823 and 3-phenacyl
UDP at pCa 6.5 evoked peak contractions, which were equivalent to about 15%, 25%
and 40% of the responses produced before permeabilising the tissue, respectively.
The contractions decayed steadily after reaching peak and 40 min after peak the
responses to INS45973 and 3-phenacyl UDP, except INS48823 were abolished.
Overall, it is clear that none of these responses was maintained even for a 20 min
period. Therefore, to take into account the tendency of the responses to decay, the
effect of an inhibitor was measured 20 min after its addition, and compared
statistically with the control contractions of the corresponding agonists at the same

time-point.

3.2. Involvement of Rho Kinase and Effect of Suramin in Contractions Evoked
by 1INS45973, INS48823 and 3-Phenacyl UDP in the Intact and
a-Toxin-Permeabilised Rat SPA

The results showed that the peak contractions to INS45973, INS48823 and
3-phenacyl UDP in the intact rat SPA were reduced by Y27632 by about 65%, 35%
and 45%, respectively. Additionally, in the o-toxin-permeabilised preparation the
contractions were abolished. Thus, these findings further reaffirm the exclusive role
of Rho kinase in the Ca®* sensitisation-dependent contractions of rat SPA mediated
via at least two P2Y receptors, i.e. the P2Y, and/or P2Y,4, and P2Y receptors. The
inhibitory effect of Y27632 against the responses to INS48823 and 3-phenacyl UDP
in the intact vessel was comparable with the peak response to these agonists in the
permeabilised preparation, i.e. their Ca®* sensitisation components were very similar.
Indeed, this pattern of results was similarly observed for the UDP-evoked response in
Chapter 6. However, the inhibitory effect of Y27632 against the response to
INS45973 in the intact vessel was found to be larger than the peak response to
INS45973 in the permeabilised preparation. This was unexpected since these values
should, in theory, be the same. Furthermore, the data for UTP reported in Chapter 4

and Chapter 6 showed good agreement between the extent of inhibition by Y27632
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of the contraction to UTP in the intact preparation and the peak amplitude of
contraction to UTP in permeabilised tissues. The reason for the difference in the
apparent contribution of Rho kinase to the INS45973-evoked contractions in intact
and permeabilised tissues is unclear. The smaller than expected INS45973-evoked
peak response in the permeabilised tissue could possibly be due to faster and greater
desensitisation of P2Y receptors upon their activation by this agonist, though why
this should be the case is unclear. Consistent with this possibility is the rapid and
substantial rundown of the response to INS45973 seen in the permeabilised
preparation. In this respect, Hoffmann et al., (2008) found that six recombinant P2Y
receptors, including the P2Y, and P2Y, receptors, expressed in human embryonic
kidney-293 cells underwent internalisation upon stimulation. Interestingly, ATP and
UTP induced different degrees of translocation of B-arrestin-1 and -2, the proteins
that play an important role in the internalisation process, in cells expressing the
recombinant P2Y, receptor. They suggested that each of the full agonists at a
particular receptor can induce a unique ‘active’ conformation of the receptor, which
activates different signalling pathways or similar signalling pathways but to a
different extent, and these consequently mediate rather distinct cellular effects. The
reason for this inconsistency is, at present, unclear.

The current study also showed that suramin induced a substantial inhibition of
more than 75% of the contractions evoked by INS45973, INS48823 and 3-phenacyl
UDP in the intact rat SPA. However, it was ineffective in the a-toxin-permeabilised
vessels. Thus, this suggests that in the intact rat SPA the agonists evoked
vasoconstriction via both suramin-sensitive and suramin-resistant P2Y receptors, but
only the latter were stimulated in the permeabilised tissue. This in turn implies that
each agonist acted at more than one P2Y subtype to evoke vasoconstriction, which is
inconsistent with the data obtained using recombinant receptors.

In the present studies the concentrations at which INS45973, INS48823 and
3-phenacyl UDP were effective (3 - 300uM) were higher than those needed to
activate recombinant receptors expressed in a cell line; INS45973 has ECsq values of
0.52, 0.28 and >10uM at recombinant P2Y,, P2Y,4 and P2Ys receptors, respectively
(Shaver et al., 2005); INS48823 has an ECsp of 0.125uM at recombinant P2Yj

receptors and no appreciable activity at P2Y, and P2Y, receptors (Karcok et al.,
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2005); 3-phenacyl UDP has ECsy values of 40, >100 and 0.07uM at recombinant
P2Y,, P2Y,4 and P2Y¢ receptors, respectively (El-Tayeb et al., 2005). The most likely
explanation for these differences is that native receptors tend to be expressed at much
lower levels than recombinant receptors and because of the amplification inherent in
GPCR systems, i.e. increased GPCR expression leads to increased downstream
signalling, agonists are more potent in recombinant GPCR expression systems.
However, the possibility must be considered that the low potency of the agonists was
due to them acting at the P2Y receptors subtypes at which they have lower potency,
re. INS45973, the selective P2Y, agonist, evoked contraction via P2Y¢ receptors,
whilst 3-phenacyl UDP, the selective P2Y agonist, acted via P2Y,u receptors. It is
difficult to envisage how both of these statements could be true. The simplest way to
confirm the site of action of each agonist would be to determine the effects of the
selective P2Y, antagonist, MRS2578 (Mamedova et al., 2004), against each, but
there was insufficient time to carry out these experiments. MRS2578 has previously
been shown to inhibit contractions of rat SPA by 300uM UTP and UDP by about
40% (Mitchell, 2008), confirming the existence of contractile P2Y¢ receptors in this
tissue.

In summary, INS45973, INS48823 and 3-phenacyl UDP evoked vasoconstriction
of rat SPA, and the former two compounds were more potent than UTP and UDP.
All of these synthetic agonists mediated the contractile responses predominantly via
suramin-sensitive P2Y receptors, however, suramin-resistant P2Y receptors were
involved in mediating the Rho kinase-dependent Ca®* sensitisation-mediated

component of contractions to these compounds.
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Chapter 8:

General Discussion
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The results of this project have enhanced our knowledge of which P2Y subtypes
are expressed in the rat pulmonary artery smooth muscle and the mechanisms
through which they induce contractile response. The presence of P2Y receptors in rat
SPA was initially demonstrated by contractions in response to the endogenous P2Y
agonists UTP and UDP. Further use of selective P2Y agonists clearly indicated that
at least two P2Y receptor subtypes are expressed in rat SPA. The initial investigation
of the signalling mechanisms in the intact preparation revealed significant
contributions of PI-PLC, PKC and Rho kinase to P2Y receptor-induced
vasoconstriction. Subsequent experiments in membrane-permeabilised vessels
showed that Rho kinase appears to exclusively mediate the Ca®* sensitisation-
dependent components of P2Y receptor-induced contractions. In contrast, PKC is not
involved in Ca®" sensitisation and how it contributes to UTP- and UDP-induced

contractions remains to be determined.

1. CHARACTERISATION OF P2Y RECEPTOR-INDUCED
CONTRACTIONS IN RAT SPA AND P2Y SUBTYPES

Both P2Y agonists UTP and UDP evoked a typical pattern of slowly developing
contractions in rat SPA that was largely comparable to previous studies in this vessel
(Hartley et al., 1998; Chootip et al., 2002). On prolonged exposure to these agonists
the contractions decayed slightly after their peak until a maintained plateau phase
was reached. Disruption of the endothelium led to an augmentation of the peak
contractions evoked by both UTP and UDP, a clear indication of the presence of an
opposing, endothelium-dependent vasodilator action generated by activation of
endothelial P2Y receptors. Gui et al., (2008) showed that UTP and UDP both
induced a vasodilator response of precontracted endothelium-intact left and right rat
pulmonary arteries, whilst the vasodilator response induced by UTP in the
precontracted endothelium-intact rabbit pulmonary artery was subsequently
abolished by denudation of the endothelium (Konduri et al., 2004).

The present study also showed that the cumulative concentration-response curves
to both UTP and UDP did not reach a maximum. This result was comparable with
previous studies using similar tissue preparations (Rubino & Burnstock, 1996;

Chootip et al., 2002). However, the nucleotides are subject to rapid
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degradation/conversion of the nucleotides into mono-, di- and triphosphate
equivalents by extracellular enzymes. For example, UDP can be converted to UTP
by ectonucleoside diphosphokinase and UTP broken down to UDP by
ectonucleotidases. As a result, full concentration-response curves for the nucleotides
could not be constructed and this effectively underestimates the potency of the
nucleotides. The above effect has been highlighted recently by Kauffenstein et al.,
(2010) using aorta and mesenteric artery from wild-type and transgenic mice lacking
NTPDasel and found that the concentration-response curves to UTP and UDP did
reach a maximum response in the knockout, but not the wild-type animals.
Moreover, the curves obtained in knockout preparations were shifted substantially to
the left compared with the wild-type animals. This clearly indicates that NTPDasel
greatly modulates the contractions to UTP and UDP by actively hydrolysing these
nucleotides and consequently depressing their apparent potency.

Identification of the P2Y receptor subtypes through which nucleotides mediate
their effects has proven to be a very challenging task, primarily due to the current
lack of commercially-available stable, potent subtype-selective P2Y agonists and
antagonists. The need of such compounds is even more obvious considering UTP and
UDP are readily susceptible to the enzyme degradation and this can cause confusion
as to which receptors UTP and UDP actually act at in tissues, as has been highlighted
previously (Chootip et al., 2002). However, this study has utilised several novel
compounds that have been developed recently. INS45973, an agonist that is selective
for P2Y; and P2Y, receptors over other P2Y subtypes, evoked vasoconstriction of rat
SPA with a higher potency than both UTP and UDP. Likewise, INS48823, which has
high selectivity at the P2Y¢ receptor, also induced contractile response and was more
potent than both nucleotides. In contrast, another P2Y, selective agonist 3-phenacyl
UDP only displayed similar potency to UTP and UDP. This study is the first to
characterise the actions of these newly developed compounds in the vascular smooth
muscle. The findings are vital in evaluating the selectivity of these compounds at the
designated P2Y subtypes and their actions, which are valuable for their development
as a potential therapeutic drug.

Overall, this pharmacological data implicates that at least two P2Y receptors, i.e.

P2Y, and/or P2Y4, and P2Y, receptors, were involved in mediating vasoconstriction
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in rat SPA. Additionally, several studies also suggested P2Y, and P2Y, are the
predominant P2Y receptors to mediate contractile responses in rat intrapulmonary
artery (Hartley et al., 1998; Chootip et al., 2002).

The use of the newly developed compounds to identify P2Y receptors subtypes
nevertheless, has been hindered by several factors. Both INS45973 and INS48823
were supplied to Dr. Charles Kennedy personally by Inspire Pharmaceuticals
(Durham, USA) and in small amounts, so there was a considerable restriction on the
number of experiments that could be carried out. Equally, 3-phenacyl UDP has only
recently become commercially available and there is very little published literature
on its action. Furthermore, it is also very expensive.

Pharmacological characterisation of the P2Y subtypes using the above selective
agonists may have a limitation in the lack of contractile response of the SPA at the
concentrations of their ECsy values obtained from the cell lines preparation. Thus, it
is not absolutely certain that the response to these agonists is entirely due to the
activation of the designated P2Y receptors and a contribution from other P2Y
receptor subtypes could in theory, be possible. However, as discussed in section 3.2
(Chapter 7) the reference ECsy values for these agonists were obtained using
recombinant human P2Y receptors expressed in cell lines, which are likely to be
overexpressed relative to native P2Y receptors. Therefore, it may not necessarily
reflect similar results when studying the P2Y receptors from a different species (rat)
in the isolated tissue preparations. Supporting this view, Marcet et al., (2007)
reported that the ECsy value of INS48823 for inducing the release of CCL20 from
human dendritic cells was about 10-fold higher compared to the reference ECsy value
for the recombinant P2Y receptor. In order to clarify this issue, the pharmacological
characterisation of P2Y subtypes can be continued with the use of potent, subtype
selective P2Y antagonists, e.g. MRS2578 at P2Y¢ receptor (Mamedova et al., 2004),
which became available during the course of these studies. These compounds can
provide the definitive answer as to which P2Y subtypes are expressed in rat SPA.

In the absence of antagonists, P2Y,, P2Y,4 and P2Y¢ knock-out mice (Bar et al.,
2008; Kauffenstein er al., 2010) could be used to further characterise the P2Y
receptor-mediated contractions of pulmonary artery and provide a better

understanding of which of P2Y subtypes are actually expressed and mediate the
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response. The expression and distribution of the P2Y receptors present in the
pulmonary artery could also be identified by using immunohistochemical and
Western blotting techniques, and these would complement the pharmacological data.
However, a lack of specificity of the current commercial antibodies to P2Y receptor

proteins may limit the application of these techniques.

2. SIGNALLING MECHANISMS UNDERLYING P2Y RECEPTOR-
INDUCED CONTRACTILE RESPONSES

The signalling mechanisms mediating P2Y receptor-induced contractions in
pulmonary artery smooth muscle remain largely unclear. Three main signalling
pathways involving PI-PLC, PKC and Rho kinase were investigated in this project. It
has been shown that stimulation of P2Y receptors by both UTP and UDP led to the
activation of PI-PLC, which is consistent with the current understanding that the
UTP- and UDP-sensitive P2Y,, P2Y; and P2Ys receptors couple to Ggii
(Abbracchio et al., 2006; see also Table 1.3 in Chapter 1). Moreover, the
contribution of PI-PLC in the development of P2Y receptor-mediated peak
contractions in rat SPA is substantial, as reflected by more than 50% inhibition of
these responses by U73122. The involvement of PI-PLC in P2Y receptor-mediated
effects has previously been reported in various tissues and cell types, including
human coronary artery smooth muscle (Strgbaek et al., 1996), mouse ventricular
myocytes (Yamamoto et al., 2007) and astrocytes (Weng et al., 2008).

This study also showed that PKC plays a role in mediating the peak and plateau
phase of contractions to UTP and UDP. PKC contributes about 25% and 50%,
respectively of the development of peak contraction evoked by UTP and UDP, and
about 30% of the plateau phase. This finding is not unexpected considering that PKC
is one of the downstream effectors of PI-PLC, which plays a substantial role in the
P2Y receptor-mediated responses. Interestingly, PKC appeared to play a greater role
in the response to UDP (>70%) than UTP (~45%).

Several possible mechanisms could underlie the contribution of PKC to the
vasoconstriction of SPA. For example, PKC has been shown to regulate directly the
activity of the voltage-dependent Cayl.2 channels that mediate Ca™ influx in

vascular smooth muscle (Savineau et al., 1991; Navedo er al., 2005; Cobine et al.,
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2007). Interestingly, PKC may also affect this ion channel indirectly by depolarising
the membrane via inhibition of voltage-gated K" channels (Cogolludo et al., 2003).
Ca”™ imaging, using Ca**-sensitive dyes such as fura 2, could be employed in order
to determine if the rise in [Ca2+]i induced by UTP and UDP is inhibited by
GF109203X. Moreover, since one of the possible mechanisms for the contribution of
PKC to the vasoconstriction of SPA is associated with the regulation of ion channels,
the patch clamp technique could be used to address this issue. Ca** and K* currents
in dissociated rat SPA smooth muscle cells would be recorded and it then determined
if these currents are modified by GF109203X, UTP and UDP.

PKC could act independently of changes in [Ca®*]; by inducing
CPI-17-associated Ca** sensitisation (Li et al., 1998, Kitazawa et al., 2000: Ward et
al., 2004). This might be possible at least in the case of the sustained phase of UDP-
evoked contraction whereby adding Y27632 and GF109203X together did not
produce an additive inhibitory effect, indicating that part of the PKC-mediated
mechanisms might perhaps converge with the downstream mechanism of Rho
kinase-mediated Ca** sensitisation, as discussed below. However, the results in the
subsequent permeabilised experiment do not support such possibility as PKC is not
involved in either UTP- or UDP-evoked vasoconstriction in the o-toxin-
permeabilised rat SPA. The absence of a contribution by PKC to Ca* sensitisation of
P2Y receptor-mediated contractions is consistent with the observations of Jernigan et
al., (2004), who failed to establish any PKC influence in UTP-evoked
vasoconstriction of membrane-permeabilised rat pulmonary artery, although they did
see a contractile response to PMA. Alternatively, it cannot be rule out that
GF109203X may have nonspecific activity at the concentration used in the current
study (Davis et al., 2000) and could inhibit other kinases which are responsible for
the generation of contractions. To investigate this possibility, a biochemical study,
such as Western blotting technique could be used to monitor the PKC activity and
phosphorylation of MYPT-1 and MLCK following treatment of GF109203X at
various concentrations against the nucleotide-evoked contractions.

Interestingly, the present study in the a-toxin-permeabilised rat SPA
demonstrated a modest role of PI-PLC in Ca®* sensitisation-dependent, UDP-evoked

contractions. This finding was rather unexpected considering that Ca>* sensitisation
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induced by P2Y receptors is not mediated by PKC (a downstream effector of PI-
PLC), but was exclusively mediated by Rho kinase (discussed below). Moreover,
activation of Rho kinase usually involves receptor coupling to Gaz13 (Buhl ef al.,
1995; Somlyo & Somlyo, 2000; Suzuki et al., 2003, 2009), rather than Go11, which
stimulates PI-PLC. Vogt et al., (2003) did find a role for Gog in the activation of
RhoA, but it was unaffected by U73122. Rather, it was associated with a family of
RhoGEF protein leukemia-associated Rho guanine nucleotide exchange factors.

This study also demonstrates a role for Rho kinase in both the peak and plateau
phase of P2Y receptor-mediated vasoconstriction of rat SPA. In intact arteries, Rho
kinase contributes about; 20-40% of the peak contraction evoked by UTP, UDP,
INS48823 and 3-phenacyl UDP, 65% of the peak contraction to INS45973, and 30%
of the plateau phase contractions to both UTP and UDP. Moreover, in the membrane-
permeabilised vessel, UTP, UDP, INS48823 and 3-phenacyl UDP evoked around 20-
40%, while INS4973 only evoked about 15% of the peak contraction before
permeabilising the tissue. These responses were abolished by Y27632, confirming an
exclusive role of Rho kinase in the Ca®" sensitisation component of P2Y receptor-
mediated vasoconstriction of rat SPA. This observation is consistent with a previous
report (Jernigan et al., 2004) in membrane-permeabilised preparations of rat
pulmonary artery, showing virtual abolition of UTP-evoked vasoconstriction by
Y27632.

Stimulation of receptor coupling to Ga.2/13 induces the formation of RhoA/GTP
complex (Buhl et al., 1995; Somlyo & Somlyo, 2000; Suzuki et al., 2003, 2009),
which then translocates to the plasma membrane before activating Rho kinase
(Somlyo & Somylo, 2000, 2003). Rho kinase subsequently phosphorylates MYPT]1,
the regulatory subunit of MLCP, and prevents this phosphatase dephosphorylating
MLC, leading to increased contraction without a rise in [Ca2+]i (Somlyo & Somlyo,
2000). P2Y receptors are generally known to couple to Gogyi1 (Filtz et al., 1994;
Abbracchio et al., 2006), but coupling to other G protein subtypes, particularly
Goayo/13, has also been shown (Abbracchio et al., 2006; Nishida er al., 2008).
Moreover, although RhoA activation following stimulation of a GPCR is mediated
mainly by Gaiy3, an involvement of Gogi; in this process has also been

demonstrated (Booden et al., 2002; Vogt et al., 2003). In rat aortic smooth muscle,
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stimulation of P2Y receptors activated RhoA and Rho kinase (Sauzeau et al., 2000).
Rho kinase also appears to be involved in vasoconstriction of rat SPA induced by
other agonists, including phenylephrine (Damron ef al., 2002), SPC (Thomas et al.,
2005) and ET-1 (Jernigan et al., 2008). Additionally, Rho kinase is also involved in
the contractions of rat tail artery to phenylephrine and U46619 (Tsai & Jiang, 2006).

This study also examined the correlation of the Ca®* sensitisation component of
P2Y receptor-mediated contractions in intact and membrane-permeabilised tissues.
The inhibitory effect of Y27632 against UTP, UDP, INS48823 and 3-phenacyl UDP
contractions in the intact vessel was comparable with the peak response to these
agonists in membrane-permeabilised vessels. However, the inhibitory effect of
Y27632 against the response to INS45973 in the intact vessel was found to be larger
than the peak response to INS45973 in the permeabilised preparation. This was
unexpected since the remaining P2Y agonists used here showed a good agreement
between these two mechanisms. This smaller than expected INS45973-evoked peak
response in the permeabilised tissue could perhaps be due to the desensitisation of
P2Y receptors by this agonist. Consistent with this possibility, the response to
INS45973 showed substantial rundown in the permeabilised preparation. In this
respect, Hoffmann ez al., (2008) found that six recombinant P2Y receptors, including
P2Y, and P2Y, receptors, expressed in human embryonic kidney-293 cell lines
underwent internalisation upon stimulation. Interestingly, they also noted that ATP
and UTP induced different degree of translocation of B-arrestin-1 and -2, the proteins
that play an important role in the internalisation process, in the cells expressing the
recombinant P2Y, receptor. They suggested that each of the full agonists at a
particular receptor can induce a unique ‘active’ conformation of the receptor, which
activates different signalling pathways or similar signalling pathways, but to a
different extent, and these consequently mediate rather distinct cellular effects.

The pharmacological approach used in the present study to investigate the role of
Rho kinase in P2Y receptor-mediated contractions is limited by its inability to
monitor intracellular Ca®* levels and to correlate Rho kinase activity and
phosphorylation of MYPT-1. However, both of these limitations could be overcome

by employing Ca™ imaging and Western blotting techniques, respectively.
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Taken together, the results in this study suggest that stimulation of P2Y receptors
by nucleotides evoked vasoconstriction of pulmonary artery ia PLC, PKC and Rho
kinase-associated Ca”* sensitisation. The use of newly developed compounds
INS45973 and INS48823 has revealed that at least two P2Y receptors mediate this
contractile effect. Nucleotides are relevant chemical mediators in the cardiovascular
system both in physiological and pathological conditions, so characterising their
underlying signalling mechanisms is of importance. Additionally, nucleotides, such
as ATP can be released by red blood cells in response to mechanical deformation
during passage through the lungs (Sprague et al., 1996, 2003). Of some interest is the
novel finding in this study that stimulation of P2Y receptors, particularly the P2Y
subtype, induced a Rho kinase-associated Ca®* sensitisation component of
vasoconstriction in pulmonary artery. This signalling pathway is implicated in the
physiological response of pulmonary arteries to hypoxia as hypoxia-induced
vasoconstriction is associated with the activation of Rho kinase (Robertson et al.,
2000). A role for nucleotides in this response is also indicated by Baek et al., (2008)
who showed that the apparent role of the smooth muscle P2Y receptors in hypoxic
pulmonary vasoconstriction observed in perfused rabbit lungs.

The Rho kinase-associated Ca®* sensitisation induced by P2Y receptors
activation is likely to be augmented in the pathological conditions, especially when
endothelial-relaxant function is compromised, such as in hypoxia- or monocrotaline-
induced pulmonary hypertension (Adnot et al., 1991; Mam et al., 2010) and chronic
obstructive pulmonary disease (Dinh-Xuan et al., 1991). Indeed, extracellular ATP is
elevated in the latter disease, which would increase the contribution of P2Y receptors
to artery regulation. Furthermore, the contribution of Rho kinase in mediating
vasoconstriction of pulmonary artery is enhanced in chronic hypoxia (Adnot et al.,
1991; Nagaoka et al., 2004; Broughton et al., 2008). Therefore, a complete
understanding of the signalling mechanisms of pulmonary artery smooth muscle
contractions is certainly essential, as this could provide a basis for the effective
development of novel therapeutic strategies. In conclusion, the data presented in this
study should provide to a comprehensive model of P2Y receptor-mediated

pulmonary vasoconstriction being outline in the near future. Stimulation of P2Y
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receptors by nucleotides substantially contributes in the regulation of pulmonary

vasculature both in physiological and pathological conditions.

2.1. A Model for P2Y Receptor-induced Vasoconstriction of Rat SPA

The data in this project provide valuable information on how P2Y receptors
induce vasoconstriction of rat SPA. Figure 8.1 represents a model of signalling
mechanisms of this response. Stimulation of P2Y receptors, such as P2Y, and/or
P2Y,, and P2Y, receptors, activates PI-PLC via Gagi:1 to hydrolyse PIP, to IP; and
DAG. IP; triggers Ca** release from IPs-senstitive intracellular Ca** stores, while
DAG activates PKC. The former causes an increase in [Ca2+]i, which commonly
activates the Ca**-calmodulin/MLCK pathway, which subsequently phosphorylates
MLC to generate the contraction of smooth muscle. Activated PKC mediates the
contractile response, not through Ca®* sensitisation mechanism, but more likely via
increasing the [Ca®*];, presumably by influencing ion channels. On the other hand,
Rho kinase is also activated upon stimulation of P2Y receptors via Goyz/3 (or
possibly Gogi1) and RhoA. Activated Rho kinase then phosphorylates MYPT-1,
which inactivates MLCP from dephosphorylating MLC, and effectively potentiates

the contractions independent of [Ca2+]i rise, i.e. Ca®* sensitisation.
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3. SIGNALLING MECHANISMS INVOLVED IN KCI-INDUCED
CONTRACTILE RESPONSES

In this study, both Rho kinase and PKC were shown to play an important role in
the contractions induced by KCI. Although KCl-induced contractions are widely
regarded as merely being due to membrane depolarisation and Ca® influx, a recent
review (Ratz et al., 2005) has highlighted the association of KCl-induced
contractions and Ca®* sensitisation. An involvement of Rho kinase in the contractile
response induced by KCI has been demonstrated in several tissues, for example rat
caudal artery (Mita et al., 2002), mouse anococcygeus smooth muscle (Ayman et al.,
2003), rabbit renal and femoral arteries (Urban et al., 2003; Ratz et al., 2009), rabbit
thoracic aorta (Sakurada et al., 2003) and bovine trachea (Liu er al., 2005). In
contrast, Ratz et al., (2005) reported that the involvement of PKC is minimal, if not
absent, in the responses induced by KCIl. However, their more recent papers did
show a role for an atypical PKC isoform, PKC(, in the KCl-induced vasoconstriction
of rabbit femoral and renal arteries (Ratz & Miner, 2009; Ratz et al., 2009).
Additionally, PKC has also been implicated in the contractions induced by KCI in
aorta and mesenteric arteries (Budzyn et al., 2006). Thus, it is clear that besides the
key membrane depolarisation/Ca®* influx pathway, other mechanisms, such as PKC
and Ca®* sensitisation via Rho kinase, also contribute to KCl-induced

vasoconstriction in rat SPA.

3.1. A Model for KCl-Induced Vasoconstriction of Rat SPA

The present study also improves our knowledge on how KCI induces
vasoconstriction in rat SPA (Figure 8.2). According to the Nerst equation,
application of 40mM KCI depolarises the smooth muscle cell membrane, and this
activates and opens voltage-dependent Cayl.2 channels to allow influx of Ca**. A
rise of [Ca®*]; follows, which then activates the Ca**-calmodulin/MLCK pathway to
generate contractions of smooth muscle. Additionally, KCl-induced membrane
depolarisation and [Ca2+]i rise, via as yet unknown mechanisms, also activates Rho
kinase-dependent Ca®* sensitiation and PKC pathways, and collectively these

mediate the contractile response.
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